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Sumlmary. Photosynthetic reactions of whole leaves and isolated chloroplasts from
various mutants of Nicotiana tabacum have been correlated to the lamellar structure seen
in electron micrographs of the chloroplasts. In this way it could be established that a
fuilly,active photosystem I can be associated with single unfolded thylakoids. The complete
photosynthetic electron transport svstem including the oxygen evolving apparatus of
photosystem II, on the other hand, apDears to require a close packing of at least 2
thylakoids. The unusual high capacity for photosynthesis observed earlier for leaves of
certain aurea mutants is reflected by a correspondingly high activity of the isolated
chloroplasts in the Hill reaction. These chiloroplasts contain extended areas where 2
thylakoids touch 'by forming simple lamellar overlappings instead of the familiar stacks
of lamellar discs.

It is not surprising that the evolution of the photo-
synthetic apparatus from its simplest form in the green
photosynthetic bacteria to the elajborate system of the
green -plants was accompanied by the evolution of an
ever more complicated pi-gomented structure. The
relationship, however, between the photosvnthetic
processes and the membrane systems oll which they
occur is still very little understood. A possible ap-
proach to this problem was opened by recent publica-
tions of Schmid and Gaffron (30, 31, 33). They
described unusually high; saturation rates of photo-
synthesis in leaves of certain aurea mutants of tobacco
such as Su/su. The chloroplasts of these mutants do
not contain high stacks of disc sharped lamellae, i.e.,
grana, but miiuch simpler looking foldings and doulblings
of extended "thylakoids" (25) or "frets" (39).
There are, however, yellow chlorophyll deficient leaf
patches in a variegated tcbacco mutant which showed
no measurable photosynthetic oxygen evolution. The
chloroplasts in this tissue contained neither grana nor
foldings or doublings of thylakoids (28). We have
now undertaken a comparative study of the activitv of
various mutant chloroplasts in photoreactioins involving
only system I or hoth photosystem I and 11 wvhich
permit a better insight into the relationship between
structural elements andl partial procewses of ohoto-
synthesis.

The saturation rate o f photosynthesis in lnormal
spinach leaves corresponds closely to the maximal

1 These studies were aided by grant AF-AFOSR-662-
65 from the Air Force Office of Scientific Research, and
contract AT- (40-1) -2687 from the United States Atomic
Energy Commission.

rates reported for the Hill reaction with isolated
chloroplasts in presence of an uncoupler of photophos-
phorylation (14, 17). We suspected, therefore, that
the rate limiting step at light saturation in normal
green plants is associated with the photosynthetic
electron transport system and not with the CO. fix-
ing enzymes and photophosphorylation. Consequently.
chloroplasts isolated from the aurea tobacco mutant
Su/su should give a higiher saturation rate in the Hill
reaction than chloroplast preparations from any green
control plants. This was indeed observed. On the
other hand, chloroplasts taken from the verv chloro-
phyll deficient leaf areas of the varie-gated tobacco
mutant NC 95 var. were found to be inactive in the
Hiill reaction. The inability of these leaf patches to
carry out photosynthesis (28), therefore, is reflected
by a deficiency in the electroni transport system of
their chloroplasts.

Further experiments provided us with evidence
that such chloroplast reactions which do not involve
photosynthetic system II can occur in separate lamellar
discs. System II activity may, as an essential struc-
tural prerequisite, requiire the presence of "partitions"
(39) formiedl by lamellar overlappings.

Materials and Methods

Seeds of the tobacco plants were obtained from
the Agricultural Station, Beltsville, Maryland, by the
courtesy of Drs. H. Heggestad and H. Menser, and
from Dr. C. Dean of the Florida Experiment Station
in Quincy, Florida. The plants used for this studv
were the normal green tobacco varieties John Williams
Broadlea,f (JWVB) and NC 95, the aurea mutant
Su/su and the variegated variety of NC 95 (NC 95
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1620 PLANT

var.). A variegated Su/sui (Su/su var.) appeared
in 1 of our own selfed Su/su seedlots. Only 1 plant
was availab'e which has not yet produced fertile
flowers. A detailed description of all these tobacco
plants will be published elsewhere (29).

The tobacco plants were grown as described earlier
(31) or cutivated in a liquid nutrient culture (1, 12).
Growing leaves from adu't plants were used through-
out. Photosynthetic oxygen evolution was measured
manometrically either by floating leaf secticns on
3 ml 0.1 M bicarbonate buffer (pH 8.9) or bv sup-
porting them on a wire screen above this buffer in
order to prevent "drowning" (31, 32). Photosyn-
thetic CO9 fixation was measured using a gas tight
plexiglass chamber and 14C labeled CO, at a constant
temiperature (12). Pigment analyses were carried
out after extraction with 80 % acetone or methanol
(24, 31). Standard procedures were used for the
preparation of whole chloroplasts (14, 38) and of
partially purified ferredoxin (4), and for measure-
ments of the ferricyanide Hill reaction (21), of photo-
phosphorylation (3) and of the photoreduction of
NADP wvith the ascorbate-2,4-dichlorophenol indo-
pheno! (D,CPIP) couple and saturating amounts of
ferredoxin (36). The presence of 20 mar ascorbate
pH 7.5 (3) in the homogenizing medium for the
chloroplasts of tobacco was found to be advantageous.
Ascorbate was omitted in the wash solution wvhen the
ch'lorop'asts were to be checked for their Hill activity.
Detailed studies of the Hill reaction were often
hampered by the instability of the chloroplast prepara-
tions: chloroplasts from Su/su lost 50 % of their
activitv in about 4 hours. No satisfactory stabilizer
for the preparat on could be found. System I activity
wvas lost much less rapidly.

To obtain max:mal rates of e'ectron transport in
the ferricyanide Hill reaction, the chloroplasts were
suspended in 0.4 m sucrose conta.ning 10 mm NaCl,
50 m\i tris-HCl pH 7.5, 02 % serum-albumin (fronm
various sources) and 0.2 % pect'nase (Nutr.tional
Biochem cals or Sigma). T'he latter 2 ingredients
were added because in the course of our studies we
made the interesting observation that the presence of
a combination of albumin and pect nase in the suspen-
sion medium of the chlorop'asts gave higher rates of
the Hill reactions than we had observed earlier.
Neither pectinase nor albumin alone stimulated the
Hili activity to a comparable extent. We have not
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studied the mechanism of action of these proteins, nor
did we make a detailed investigation to find out whichi
amounts of pectinase and albumin are opt mal. Com-
parison of electron micrographs of the pectinase-albu-
min treated chloroplasts with those of untreated
chloroplasts did not reveal any remarkable differences.
although the treated chloroplasts appeared more swol-
len. No effect of the add.tion of pectinase an(d
albumin was found on photoreactions involving only-
system I, i.e., the PMS-mediated photophosphorylation
and the photoreduction of NADP+ with the ascorbate-
DCPIP couple as electron donor. On the other hand.
the so-called non-cyclic photophosphorylation with
ferricvan.de as electron acceptor, and the Hill reactioi,
with DCPIP were stimulated by pectinase-albumin.
just like the ferricyanide Hill reaction (table I).

In our experiments, the Hill activity was deter-
mined 1 to 1'2 hours after homogenization of the
leaves by illuminating 0.05 to 0.20 ml of the properly
diluted chloroplast suspension which was brought
to 2.7 i-A with 0.4 M sucrose containing 10 mM
NaCl, and 50 mm tricine-NaOH buffer (pH 7.5).
If not otherwise stated, 18 m:t methylamine (p1T
7.5) were added to uncouple phosphorylat.on (14).
Photophosphorylations were usually carried out in
open testtuibes which were kept in a water bath of
200 and illuminated from the side. Only for deter-
minations of the quantum requirement did we use
rectangular glass cuvettes which were illuminated
from below.

Floodlights, spotlights or proj ection iamps served
as light sources in the visble region at wavelengtls
beloxv X 700 miyt. Red light (X> 600 m,u) was
obtained witlh a red plastic filter. Far-red light was
separated from the light of a Sylvania sungun by-
passing it through a glass filter which absorbed all
visible light with wavelengths lower than X 700 m,u.
Light intensity measurements were made with an Isco
Spectroradiometer (Instrument Specialties Company
Lincoln, Ne)braska). The intensit:es of the light were
determined between X 575 an(d 700 mtk for red and
between X 700 and 750 mr for far-red light, but the
1000W projection bulbs used for figures 4. 5 and 6

were calibrated in the red between X 575 and 7-50 ml,.
For accurate measuLrements of absorbed light in the
determination of quantum efficiencies, the experimental
set-up was duplicated with the sample placed into aln
integratioln sphere which had been cailibrated with a

Table I. Effect of Pectinase -4- Albumiin ont Various Chloroplast Reactions
Data, represent rates obtained itn 1 typical experiment each: gimoles electroni acceptor re(ltlce(l (i(-r j4moles ATP

formed respectively) /mng chl X hr + MA = 18 mm methylamine present.

Presence of
albumin +
pectinase*

Hill reaction
ferricyanide DCPIP Photophosphorylation NADP+
-MA +MA -MA +MA ferricyanide PMS Photoreduction

280
410
140
200

1380 175
2100 240
830 80
1050 95

625
830
260
330

260
410
55
75

1100 205
1030 170
500 55
480 45

* See Methods.

Origin of
chloroplast

Su/su

NC 95 green
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FIG. 1. Electroni iicrographs of chlioroplasts from AiVic. tabacumI varieties Su/sni anid JXVB. A) (top) Isolated
Su/su chloroplasts, fixed in glutaraldehyde (X 11,000) (preparation reduced 2.9 mmiloles ferricyanidec/mg chi X hr
in 250,000 ergs sec-' clll-2 red light). B) (bottom left) Isolated JWVB chloroplasts, fixed ini glutaraldehyde (X
12,500) preparation reduced 0.83 mmoles ferricyanide/mg chl X hr in 250,000 ergs sec-I cm-2 red light). C)
(bottom right) Pt shadowed (<2.6° :1) lamella of a Su/su chloroplast (7 83,000).
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HOMANN AND SCH MID-PHOTOREACTIONS AND CHLOROPLAST STRUCTURE 1623
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FIG. 2. Electron micrographs of chlioroplasts from yellow leaf paitchles of Nic. t(iatbacumi varieties NC 95 var. anid
Su/su var., fixed in glutaraldehyde. A) (top) Chloroplast fromii Su/su v-ar. (X 42,000). B) (lbottom left) Radial
section of chloroplasts from NC 95 var. ( X 20.000). C) (bottom riglht) Axial section of chloroplasts froml NC 95
var. (X 25,000).
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HOMANN AND SCHMID-PHOTOREACTIONS AND CHLOROPLAST STRUCTURE

bolometer as described elsewhere (32). Correct ab-
sorption measurements are difificult with chlorophyll-
deficient chloroplasts because with equal amounts of
chlorophyll present, they scatter light much more

strongly than normal green ones. We therefore
nmeasured the loss of light due to scattering through
its entrance hole with another chloroplast suspension
which had been bleached in UV light. From the
spectral distribution of the filtered light and from the
absorption spectrum of the chloroplasts we calculated
the average energy content to be 1.81 X 1012 ergs/

einstein for the red light and 1.63 X 1012 ergs/einstein
for the far-red light.

Unless otherwise noted, all data represent the
average of more than 5, usually more than 10 separate
measurements. Tihe variations are given as standard
deviations.

The techniques used for electron microscopy have
been described (28, 33).

Results

The Structure of the Chioroplasts. It can be seen

from the electron micrographs in figures 1 and 2
that the chloroplasts of our tobacco mutants are char-
acterized by a very higlh degree of order of their
lamlellar structure. Figures IA and 1B are pictures
of typical chloroplast preparations from green tobacco
and from the aurea mutant Su/su, as they were used
in this study. For these 2 particular preparations, we

used phosphate buffer in the suspension medium. be-
cause tris interfered with our staining procedure.
The difference between the features of normal green

chloroplasts and those of Su/su, which has been
described in earlier papers (31, 33), is immediately
apparent fromn a comparison of the pictures of figure
1. Another type of chloroplast was seen in the
chimera Su/su var. which suddenly appeared in 1 of
our Su/su seed lots. The yellow-green area of the

Table II. Pigment Content of Different Tobacco Varieties

W h o l e l e a v e s
gg chl

Plant per cm2 chl a/chl b chl/carotenoid

JWB 45 ± 15 2.9 ± 0.4 3.8 ± 0.5
Su/su 9 ± 2 5.1 ± 1.5 2.7 ± 0.6
Su/su var.
yellow green sect. 6 ± 1.3 3.7 ± 0.8 2.4 ± 0.4
Su/su var.
yellow section 1.5 + 0.3 4.9 ± 0.6 1.2 ± 0.3
NC 95 green 32 + 6 2.5 ± 0.6 3.7 ± 0.8
NC 95 var yellow 4.2 ± 1.0 3.4 + 0.6 3.1 ± 0.1

Table III. Saturation Rates of Photosynthesis in Intact Leaves and of the Hill Reactiont with Chloroplasts from
Differentt Tobacco Varieties and from Spinach

The saturation rates of photosynthesis were determined at 220 in air containing 0.75 % CO2. For reasons
of comparison, the values for the ferricyanide photoreductions (250) are given as OO evolution.

Photosynthesis Ferricyanide Hill Reaction (,umoles 02 evolved/mg chl X hr)
of leaves No pectinase and albumin + pectinase and albumin

Plant Atmoles 14CO2 rate per
fixed/mg chl X hr -MA +MA* -MA +MA* mg chl a.

(+MA*)

JWB 130 + 50 35 ± 10 140 ±40 40** + 5 210 50 290 ± 70
Su/su 550 ± 90 65 ±10 325 ± 70 90 ± 15 505± 110 580 ± 120
Su/su var.
yell. gr. sec. 610** ... ... ... 300** 375**
Su/su var.
yellow sections 1150** 37** + 2 180 ± 40 42** + 8 400** 470**
NC 95 green 170 + 50 ... ... ... 210 60 290 ± 70
NC 95 var.
yellow sectionis 23 ± 18 ... 9 ± 2 ... 18**+ 8

Spinacia
oleracea 170 ± 20 ... ... 30 + 5 255 ± 40 370 ± 30

* +MA = 18 mm methylamine added.
** Data represent less than 5 determinations.
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PLANT PHYSIOLOGY

leaves arotli(l their nm:drils is nphysiologically related
to Soi/su, wlhereas tlle outer goldenl yellow regions
C(,'litiUn thle tvpl)e 0 chloroplat. showni in figulre 2A.
No real -raina are present. Ilnstead there are singCle
tl klakoids (25 ) wxhich at several places come close
elnouigh to form-l double layer;. Flhis lamcellar arrang,-
ileiut resembles that found(l in blue-green algae. A

1800-

1600-

-r

1400-

1200-1200 Su/su var yellow

-g IOC_I

0

Cy 000
E

0

w800

0

0) 600 T
E

40ct y 1 Su/su var. yellowgreen
400-

200-~~~

200 <~~K--WB

4 12 20 28 36 44 52

Light intensity X 1073 (ergs x sec&' x cm2)

I cG. 3. Liglht satturation cturves for photosynthesis
at 22.80 mc tsutrecd mnliometricall1 in red light (corrected
for rcspiraltion). Sni/sti var. 4 experiments with yellow
lcaf sections containing- 1.2 to 1.7 ,g clil/cm2 A - ;

Sn/suv ar., 4 exfp,erinicnzs w itlh yclowv green leaf sections
conitaining 3.6 to 4.7 ,ug chl/cm2 0 - 0; JWB,
experiments with 12 leaf sections colntaining 45 to 61
,Lg cI l/cu ' L. For a yellow leaf section of
Sti/sn i ztr. tlhe(jlaeuattiimi requiremenit was deternmined
to be 8.4 hp/O., at the point ®.

fourtlh tvpe is shown in figure 2B and 2i. 'lThese
are chloroplasits from the vellow par-t of another
variegated tolbacco (NC 95 var.). In contrast to all
the others the thylakoids here formi lno grana, are not
folded, nor do they form double layers. Only about
20 % of the cells in the yellow leaf parts contain
chloroplasts with a few stacke(d layers of thvlakoids.
'rlTe chloroplasts of a single cell, however. were tound
to be aIways of 1 type, and in the cells of thle green
leaf part they look normal. The p)igment contents o^
the leaves of ouir tobacco p)lants are suimmllarizied i
table II.

Photosvitthesis of LeLzvcs. The Su/su leaves used
in this study gave similar high rates of photosynthesis
to those reported in recent publications (30, 31).
Possibly because of the growth conditions in a new
greenhouse, the chlorop-hyll a/chlorophyll b ratio of
the leaves used in this ilnvestigation was hig-her than
that reported in earlier studies (table II; ref. 26.,
30,33).

Table III summilarizes saturation rates for photo-
synthetic fixation of labeled CO. by sections from
leaves of the tobacco varieties under study. The
extremiies were found in the yellow leaf parts of Su/sn
var. with a miiaximiial activity- of about 1150 inioles
CO., fixed/mg chli X hr and in those of NC 95 var.
which were able to fix CO.. only at a rate of 40
imoles/mg clhl X hr. The high rates of photosyn-

thesis in our v-ariant of Su/su surpassed even those
reported earlier for Su/su and therefore represent a
new record. In other experimenits we even mieasured
rates of O. evolution up to 1800 limoles/mg chl X hr.
Fig,ure 3 gives light intensity curves whicl were de-
termined by manometric gas exchanige. The low
photosynthetic activity of the yellowv leaf parts of
the NC 95 var. is an exam-ple for the well-known and
more frequently seen situation that a chlorophyll
deficiency is not balanced by a higher photosynthetic
capacity as was the case of Stn/sn and Su/su var.
In NC 95 var. tlle yellow leaf areas actually do not
take part in the fixation of carbon dioxide of the
entire plant because respiration is never compensated.
In fact, manometric determinations of the gas ex-
chanige of yellow leaf sections from NC 95 var. were
not sensitive enough to detect photosynthetic 0 evo-
lution (28).

The Ferricyanide Hill Reactioni. The high photo-
synthetic activity of Su/su leaves led us to expect
that the maximal Hill activity of isolated chloroplasts
would be higher than that of a normal green plant.
In our initial experiments with Su/su chloroplasts, the
Hill activity was always low. The reason turned out
to be the extreme instability of the Su/su chiloro-
plasts. Figure 4 shows that the loss of Hill activity
was faster in chloroplast preparations of Sn/sti than
in any of the other preparations and affected inmpar-
tiallv the rates at the light saturation level as well as

those below saturation, independent of the presence of
pectinase and albumin.

In the following experiments, we checked the Hill
activity not later than 1 hour after the preparation of
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HOMANN AND SCHMID-PHOTOREACTIONS AND CHLOROPLAST STRUCTURE

20

6

E

'1.2

10
w

C.8
n"

0.4_

2 3 4 5

hours after homogenization of leaves

FIG. 4. Time course of deterioration of Hi
for various chloroplast preparations at 0°. A
plast suspensions contained pectinase and albun
for --- 0. Two different preparations
0, ®, anid 0, *; JWB: [, *; spinach
Illumination at 250 with red light: 250,000 (

cm2 : open symbols; 160,000 ergs sec'1 cm-
__ ___ T__ _-A _ _A- -- _- _- *, ,_-symools. Inset: lecay ot activity aetermnned at z5V,UOO

ergs sec'1 cm-2 red light to correct the data of figure
5; Su/su: x - - - x; JWB + - -- +.

the chloroplasts. With the aid of pectinase and
albumin we were able to measure repeatedly satura-

tion rates of the ferricyanide Hill reaction with
chloroplasts fromn Su/su up to 2.9 nnmoles ferricyanide
reduced per mg chl per hour. This rate, whiih is
equivalent to 700 ,unioles 02 evolved/mg chl X hr is
close to the maxinmal rates of photosynthesis reported
for Su/su leaves (31) and exceeds by far any values
reported in the literature.2 Because of the instability
of the Su/su chloroplasts, all the points of a light
intensity curve ('fig 5) for the Hill reaction were

measured within the second hour after the homog-
enization of the leaves. Nevertheless a slight cor-

rection for the time factor had to be applied. We
checked the saturation rate periodically (inset of
fig 4) and assumned that the rates at lower light in-

tensities had decreased by the same percentage. A
comparison of light intensity curves for the ferri-
cyanide Hill reaction in various chlloroplast prepara-

tions is shown in figure 5. The striking feature of
the curves for Su/su chloroplasts is the nearly linear
dependence of the rate on the light intensity until

2 A few days before this paper was submitted there
appeared a note in which Highkin et al. (11) report
about similar results for experiments with a chloro-
phyll-deficient pea mutant. No rates are given, how-
ever.

light saturation is approached at about 250,000 ergs
of red light. 'the saturating rates for the, ferri-
cyanide Hill reaction of various chloroplast prepara-
tions in the presence and absence of pectinase +-
alsbumin, and in the presence and absence of methyl-
amine are comipared in tajble III. Because our Su/su
chloroplasts lhad a hig-her chlorophyll a/chlorophyll b
ratio than the green control plants, we have also in-
cluded in the table the rates on the basis of chloro-

phyl'l a. It is apparent that in these figures the

2 striking differences between the activities of the
ch'loroplasts are somewhat reduced, but not eliminatedl
as they are in exiperiments with mutant chloroplasts
of barley which lack chlorophyll b comnpletelv (6).
Because of a shortage of leaves of Su/su var. only
1 determination of the Hill activity of their chloro-
plasts was made. The saturation rate of the Hill
reaction did not come out as high as was expected
from the high photosynthetic activity. The agree-
ment between photosynthesis and Hill activity, how-
ever, was good for the data obtained with the varie-
gated NC 95. The green NC 95 had a normal

- activity, whereas the chlorophyll-deficient chlorolasts
of the variegated leaves reduced only a very small

6 7 amount of ferricyanide. It is noteworthy (segtable
III) that in normal green chloroplasts the, capacity

ill activity for oxygen evolution in an uncoupled Hill reaction
11 chioro-- exceeds the nmaximal rates for CO., fixation by initact
nin except leaves.
of Su/su The quantumii requiremelm t for 0., evolutioni in the
I: A. ferricyanide Hill reacti.on of Su/su chloropla'sts in

ergs sec-1 red ligght in the presence of pectinase and albumin was
-2 filled the same as that measured vith chlioroplasts froan
,->c'enAA

Light intensity X 04(ergs.sec'. cr2)

FIG. 5. Light saturation curves for the ferricyanide
Hill reaction at 250. Illumination for 1 or 2 minutes
with red light; data are corrected for the decrease of

the activity in the course of the experiment as described
in the text (see inset of fig 4 for the decrease of the
saturation rate during determination of the curves

* - * and A A). Su/su, 4.5 pg chl/2.7 ml:
* *; different preparation of Su/su 4.9 p,g chl/2.7
nil: 0 0; JWNB, 17 pg chl/2.7 ml: A -A.
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PLANT PHYSIOLOGY

g-reen contro'l planits. Using 6900 ergs sec-' cm 2
incident red light, we determined 15. 14 and 24
(luanta/0 in experiments with Su/su chloroplasts as

compared with 19, 17 and 22 quanta/09 found for
chloroplasts of the green NC 95. The efficiency of
all our preparations, therefore, was slightly lower
tIan that of the spinach chloroplasts prepared by
Sauer and Park, who measured 10 quanta/0.) (27).
Considering that the quantum requirenment for CO2
fixation by the intact tobacco leaves is around 12
(32), a som-ewhat higher number for 02 evolution by
chloroplasts appears to be probable because one would
expect them to become clamiaged to some extent dtiring
the preparation.

NADP' Photoreduction zvith .-lscorbatc-DCPIP.
'I'lhe NADP+ iphotoreduction was miieasured according
to Tagawa and Arnon (36) with partially purified
ferredoxin and the ascorbate-DCPIP couple as elec-
tron donor. Tlhe saturation rates varied considerably,
and iwere particularly low for chloroplasts from the
green tobacco plants (table IV). These low rates

were not due to a reoxidation of NADPH. On the

other hand, the chloroplasts from yellow leaf sections
,of NC 95 var. gave rather higlh rates. This is in
striking contrast to their low activitv in Hill reaction

anIld photosynthesis. The light intensity dependence of
the NADP5 photoreduction was determined for 1
chloroplast preparation of each plant and is given in
figure 6. 'I'he liglht intensity curve for the NADP4
photoreduction with Su/su chloroplasts is not as

clearly linear as it was in the ferricyanide Hill re-

act:on. Moreovrer, saturation is reached at miuch
lower light intensities.

The PMS-Mcdiated Photophosphorylation. The

PMS-mediated photophosphorylation was tested aero-

bically in the presence of ascorbate as described by
Avron (3). Under these conditions this reaction is
believed to be coupled to an electron flow mediated
by photosystem I alone. As expected. it was not

inhibited by 1 Ii DCMU. 'T'helrates obtained with

O'

500 -/NC95v_ elo
A~~~~~~~~

Q , __ * k ~~~~~~JWB

1* NCC v-<_~~.

10)

I iS

i i L-

L0ght intensity X 10-4 (ergs X sec ' cm 2

FIG. 6. Light saturationi curves for the pho0toreduc-
tion of NADP+ with ascorbate-DCPIP at 250 in the
presence of saturating amounts of ferredoxin (red
light). Su/su, 8 and 14 ,ug chl/3 ml: O 0; NC 95
var., yellow leaf parts, 4.9 and 9 ,ug chl/3 ml: A- A;
JWB, 19 ,ug chl/3 ml: * *; NC 95 green, 19 ,ug
chl/3 ml: A*-*A.

vsarious chloroplast Ipr-eparations are shown in table IV.
julst as writh the NADP+ photoreduction, the most

surprisinlg finding was the good activity of the chloro-
phyll, deficient chloroplasts from photosynthetically
inactive yellow parts of the variegated NC 91".

T-he absorption of photosystem. I, as presently
defined, extends farther into the far-red bevond
X 69/ m than that of system I. In order to verifv
that we were really m-easuring a system I reaction,
Nve conipared the quantum requiremen;t of ATP forma-
tion in the far-red -with that in t;he red (see the 9

righ-t columns of table TV).

Table IN. Photorcductiroi oft A IDPE Wit/li Ascorbate-DCPIP and P.VIS-Mediated Photophosphorylation by
Var-iouts Tobacco Chlloroplasts

The data for the NADPt plhotoreduction represent saturation rates in re(d lig,hlt at 250. The rates of photo-
phosphorylatiotn were obtained by illuminating the reactioni mixture for 6 to 10 minutes at 200 with 80,000 lux
vhite light. For the determination of the quantum requirement the samples (400-500 ILg chl/6 ml except for 1
preparation of NC 95 witlh 1100 ,g chl/6 ml) were illuminated vith 6900 ergs Sec-I cm 2 red or 72,000 ergs sec-
cII-2 far-red light for 12 minutes at 200.

Source of
chloroplasts

TNWB
Su/su

NC 95 green
NC 95 var.

ellow sectionis

NADP+ photored.
umoles reduced/mg

chl X hr

75 25
190 + 55
50 + 17

165 + 40

Spinach 205
(one deteirmii)

Photophosphorylation

,-moles ATP formed/ einstein/mole ATP
m!g chl X hr red far-red

400 --

730 -+-

430 +

100

90
8f'

420 --- 84)

550

40 -4- 10 10* -4-

20.4 + 2.5 2.13 -+- 0.4

75* -4- 2 13.5* -4- 0.5

* Data represent 2 determinations on 1 preparation. The otlher data represent 4 determinations of quantuim re-
*Iuiremecints oni 2 preparations.
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HO'MANN AND SCH MID-PHOTOREACTIONS AND CHLOROPLAST STRUCTURE

In the yellowx parts of NC 95, the quantum effi-
ciencv was at least 4 times better in the far-red than
in the red, although a low quantum requirement of
close to 2 hv/ATP in the far-red was only observed
with chloroplasts from the green parts of NC 95 var.
or leaves of NC 95. Large quantities of leaves were
needed to obtain enough chloroplasts from the chloro-
phyll-deficient varieties for absorption measurenments
in the far-red. Therefore, we do not have a suffi-
cient number of experiments to be sure whether the
chlorop!asts from the aurea mutant Su/su and, in
particular, from the yellow leaf areas of NC 95 var.,
are indeed as inefficient for ATP formation as our
dlata su:ggest.

The characteristics of the PAIS-mediated photo-

phosphorylation permitted also aniother evaluat-on of
the relative capacity of our chlorophyll-deficient
ch'oroplasts from NlC 95 var. for reactionis involving
system I or both svstem I and sys4em II. Earlier
Jagendorf and Margulies (15) observed that the
PMS-mediated photophosphorylation is insens-t.ve to
DCMU on"y in the complete absence of O. Under
aerobic conditions, this inhibition is relieved by ascor-
bate. Our data show that under aerobic conditions
far-red light prom-iotes photophosphorylation with good
efficiency only in the presence of ascorbate, but is
completely inactive in its a,bsenice. On the other
hand, there is no effect of ascorbate on the rate of
aerobic photophosphorylation in re(d light. Olbviously,
photosystem II has to induce an electron flow through
the phosphory4ation site when the electron acceptor
on the reducing side of photosystem I (PMS) falls
prey to oxidation by 02. Such a switch shonl'd be
impossible for our mutant chloroplasts from NC 95

var. Our experiments did indeed reveal that in the
absence of ascorbate no ATP was formed in either
far-red or red light (table V).
Mn Content of the Chloroplasts. Manganese is

generally believed to participate directly and exclu-
sively in the process of oxygen evolution bv green
plan.ts. The active manganese is tightly bound to
the protein of the chloroplast lamellae (8, 12, 35).
We were interested to know whether the low system
II activity in chlorophyll-deficient chloroplasts from
N,C 95 var. and the high system II activity of Su/su
chloroplasts is ref'ected by their manganese content.
We therefore determined the manganese conitent of
chlorop'asts from various toibacco varieties. Frag-
mented chloroplasts from plants grown in liquid cul-
ture containing radoactive 54Mn were washed 3
times with 1 mm EDTA as described earlier (12).
The removal of "unbound" manganese by washing
with a chelator like EDTA or EGTA [ethvlene bis
(,8-aminoethylether) -N,N'-tetraacetate] worked satis-
factorily with fragments of normal chloroplasts be-
cause much ch!orophyll was present in a relat-vely
small amount of particles. 'The situation was dif-
ferent with chlorophyll-deficient chloroplasts, where
little chlorophyll was associated with many particles.
Particles iso'ated from whitish, essentially chlorophyll-
free areas of leaves from NC 95 var. retaine(d some
manganese even after washing with 10 mm EGTA.
We therefore used ch'oroplasts from leaf areas where
the chlorophyll content was not too low. Bv this
trick the concentration of manganese containing,
chlorophyll-free particles was kept at a minilnum.
The purification of the chloroplasts bv a glycerol-
sucrose gradient centrifugation (16) could be used

Table V. Effcct of 10 WlimAscorbate antd 1 /pM DCMU otn the PMS-Mediated Photophosphorylationi uider
.4erobic Conditions

The reactioin miiixture was kept in open testtubes and illuminated with 20,100 ergs sec-1 cm-2 rcd (R) or 110,000
ergs sec-' cm- far-red 'igh t (FR) for 10 minutes at 200. The data for Su/su (115 ,g chl/2 ml) represent the
average of 2 determiinations, those for NC 95 var. (92 pg chl/1.5 ml) were obtained by single determinations.

+ DCMU
+ ascorbate
R FR

- DCMU
+ ascorbate
R FR

+ DCMU
- ascorbate
R FR

- DCMU
- ascorbate
R FR

,umoles ATP formed/mg chl /hIr
20 28 23 26 nil nil 23 nil

14 18 12 18 nil nil nil nil

Table VI. Manganiese Conitenit of Leaves antd Fragm)iented Chloroplasts fromii Differenlt Tobacco Varieties
The data for the leaves are averages of 2 determinations, and the data for chloroplasts represent 5 dctermina-

tions (1 to 1.5 u-xM labeled Mn2. in culture lmledium).

Su/su
NC 95 var.

green sectiois

molecules total chlorophyll per atoIml AMn
14 9

50 I15 50 5

(60*)

NC 95 var.
yellow sections

3

'65 ± 15

* Obtainedt fromii 2 experiments after sucrose-glycerol gradient purification of \-hole chloroplasts.

Su/su
NC 95 var.

(yellow)

JWNrB

Leaves
ChlpL
fragments

25

70 ± 10
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PLANT PHYSIOLOGY

for normal chloroplasts, buit even mnodifications of this
procedure did not work well with chlorophyll-deficient
chloroplastS from NC 95 var. The results of our

M/In determinations (table VI) show no significant
difference in the manganese content of our chloro-
plast preparations on the basis of chlorophyll. Obvi-
ouslv, the manganese content of the chloroplasts was

not responsiible for the differences observed in their-
systenm II activitv.

Discussion

'To combinie the diversity of our observationis withili
a more general concept, we sh,all discuss 3 main

results. 1) The photosynthetic capacity of intact

leaves is paralleled by the activity of isolated chloro-
plasts in the Hill reaction. 2) Unfolded, single thyla-
koids (25) or frets (39) are capable of carrying out

those photoreactions which are generally ascribed to

the so-called photosystem I. 3) No system II activity
was detected in mutant chloroplasts without any grana

or overlappings of thylakoids. although a normal
amount Of miianganese was ftoulnd to be bound(I to the
lamiiel1ae.

Trhe un1iusual high photo-synthetic activity of SU/sn1

leaves was reflected in aIn abnormiially high saturation

rate of the ferricyanide Hill reaction by their chloro-

plasts. It is known that the process of water oxida-
tion is the slowest reactioni in the light-induced trans-

port of an electron from water to an axceptor on thle
reducing side of system I (7). Kok and Cheniae
(20) llave based a calculation of the saturation rate

in continiuous light on the findings that the rate

limiting dark enzymnes have a turnover tilme of about
10 msec (K = 100 sec-1), and that the concentration
C of the dark enzyfles is 1/2500 chlorophyll accord-
ing to a photosyn,thetic unit of 2500 molecules of
chlorophyll for the oxyg,en evolxing system (9). A

typical saturation rate would be KC 0.04 0.

sec-l chl-' = 150 O., hr'- chl-- (20). W'ith the

maximal rate of about 700 ,uilxoles O., evolved/mg
chl X hr found wvith SU/su chloroplasts, one would

have to postulate either a higher concentration-C

(a smaller unit) or a shorter turnover time bv a

factor of about 5 (this factor would be about 12 for

Su/su var. considering a maximal saturation rate of

1800 02 evolved per chl per hr).
Future experiments in conrtiinuatioin of those de-

scribed earlier (30) may give an answer to the
question whether the photosynthetic tiuit of Su/su is

smaller than that of normal green planits (see ref. 13).
The manganese content of the chloroplasts, however,
gives no hiint that the units may be different (table
VI'). The negligible capaci,ty for oxygen evolution
in the yellow leaf patches of _NC 9:5 var. and their
chloroplasts is in remarkable conitrast to the high
activity of Su/su. Surprisingly, the chloroplasts of

NC 95 var. gave the usual rates for NADP+ reduction
with ascorbate-DCPIP and for PMS mediated photo-
phosphorylation, i.e., they were normal except for

reactions involving pnotosystem II. One might say

that the chlorophyll deficient chloroplasts of NC 95
var. are similar to Bishop's Sceniedesmuls mutant No.
ll (5) with 1 fundamental difference: the Scenedes-
witis mutant No. 11 has no easily detectable structural
deficiencies whi'le the lamellar structure of our
chlorophyll deficient chloroplasts is distinctly different
from that of normal green chloroplasts. Their main
feature is the nearly complete lack of any grana or
simple thylakoid doublings which Weier et al. (40)
lelieve to be essential for photosynthesis. Our dat.
prove that an excellent systenm I activitv' can bh
associate(l with single, unfolded thylakoids (frets)).
Akn interesting difference betrween the NADP' photo-
reductionl and the PMS-miediated photophosphorylation
emerges when the structural order in the chloroplasts
is strongly disturbed by manganese deficiency. The
NADP photoreluction with ascoribate-DCPIP is
still carried out by these chiloroplasts, but their photo-
phosphorylating activity is lost (12).

The data of table IV on the NADP' photoreduc-
tion certainlv do not represent the higlhest possible
saturation rates. Katoh and San Pietro (18) have
oh.served that the rates are about 8 times higher in
small chloroplast fragments than in whole chloroplasts.
Vernion et al. (37) achieved a further increase of the
rate wi'tlh deterg,ent treated chloroplasts. In small
clhloroplast fragments the substrate might reach the
reactioni site oni the lamellac more easily (18). For
a better comparison of the activit- of our chloroplasts
we probably should have used smlall l)articles inlstead
of whole chloroplasts.

The low capacity for O. evolution in the chloro-
phyll-deficient c-hloroplasts of NC 95 var. could be
due to a comlplete absence of the pigments of svstem
II. According to the present dogma of the 2 photo-
systems, this would mean that the extended frets (39)
of the chloroplasts contain only pigments associated
with photosystem I. Consequently the PMS-mediated
photophosiphorylation in the presence of ascorbate
should occur with an equal efficiency in red and in
far-red light. Our table IV shows that this was not
the case. This finding, toggeth2r with unpublished
fluorescence data and the demonstration of a normal
manganese conitent of the chloroplasts. indicate the
presence of an inactive photosvstem II in the isolated
thylakoids of the chloroplasts of N(C 95 var. 'rhe
PM S-mediated, DCMU-insensitive, photophosphiorvla-
tion with chloroplast ;preparations from greenl NC
95 had a 7 times higher quantum efficiency in far-red
light thani in red light. This finding supports the
view that the 2 photosystem concept does not cover
all possibilities. As pointed out by Gaffron et al.
(10) the ipresence of a third photosystem specializing
in photophosphorylation would help to explain the
observations of Wiessner (41) with the acetate
assimilating alga Chlanydobotrvs. It vould also fit
the data of Schmid and Gaffron (32) oni an unusually
high Emerson enhancement effect, and the recent
experiments by Arnon et al. (2) on the efficiency of
the ferredoxin-mediated photophosphorylation in red
and far-red light. None of the present hypotheses
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HOMANN AND SCHMID-PHOTOREACTION S AND CHLOROPLAST STRUCTURE

can explain quantum yields of 0.5 for the PMS-medi-
ated ATP formation at X 640 mu as determined by
Lynn and Brown (23) with spinach chloroplasts.
At present we cannot accept their finding, however.
For example, in the set up for light measurements
used by these authors, the light beam reaching the
photometer in absence of a chloroplast suspension
can certainly not be compared with the l,ight moni-
tored by the photometer in presence of a light-scat-
tering sample. Lynn and Brown do not give any
information about the corrections they applied to take
care of this di,fficulty.

The possible intimate connection between the pho-
tophosphorylation in far-red light and the Emerson
effect is supported by our results. It may be that
the functioning of the far-red mediated phosphoryla-
tion depends also in vivo (34) on reducing conditions
just as in the in vitro system with PMS. In vivo.
this situation may occur when the utilization of
NADPH is limited by the supply of ATP. It is
perhaps significant that our quantum requirements of
2.3 and 10 for photophosphorylation in the far-red
with chloroplasts from green NC 95 and the aurea
mnutant Su/su respectively agree well with the quan-
tum requirements of 3 and 7 calculated for the far-red
induced increment of 02 evolutioni by intact leaves
in blue liight (32).

Finallv we have to look for a reason why the
yellow leaf areas of NC 95 var. lack system II
activitv. Their main characteristic was that nearlv
all their chloroplasts did Inot contain any grana or
thylakoid doublings. The process of water oxidation
may occur only when a close packing of thylakoids
provides a protected niche in which the 4 oxidizing
equivalents needed for the evolution of an oxygen
molecule can accumulate.3 The presence of an eni-
closed reaction complex is also indicated by the
finding that water molecules are tightly bound to
their oxidation site in the chloroplast (22). Manga-
nese in a yet unknown oxidation state may be the
primary acceptor for the electrons originating frolm
water. Chloroplasts contain, however, more than
4 tightly bound manganese ions per oxygen evolving

3 It is unfortunate that we became aware of the in-
teresting observations by Izawa and Good (Plant Phy-
siol. 41: 533-43) on the influence of low-salt environ-
ments on the chloroplast *structure only after it was
too late to include their results in the discussion of our
findings. The lack of any distinct structural difference
between the frets and the membranes of the partitions
suggested by our experience with NC 95 var., is also evi-
dent from the electron micrographs published by Izawa
and Good. Moreover, their pictures show that system II
dependent electron transport induced a shrinkage of the
thylakoids with concomitant accentuations and possibly
reconstructions of lamellar overlappings in artificially
disorganized lamellar systems. In respect to our hypo-
thesis on the structural requiremen.ts of photosystem II,
it should be worthwhile to compare the structural and
functional details of our mutant chloroplasts with those
of the artificial chloroplast modifications investigated
l)y Izawa and Good.

photosynthetic unit (12, 20; table IV). It is possible
that the excess mango-anese serves as a pool of electron
carriers on the oxidizing side of photosystem II to
make the oxidation of water by a concerted 4 electron
transfer process more probable. The well-known
burst of 02 at the onset of a strong illumination mav
be a discharge of this pool. An appropriate descrip-
tion of our concept of the structural requirements of
photosystem II can easily be obtained by a slight
modification of the model proposed by Kelly and
Sauer (19) for the spatial separation of the 2 photo-
systems in the lamellar structure of the chIoroplasts.

The ulusually high capacity for oxygen evolution
in 2 of our tobacco mutants can be explained only
after ve know more about the organization of photo-
system II. In respect to the overall structural char-
acteristics, it may be that the total area of the parti-
tions (39) is more important than the height of the
grana. For example, the thylakoid douiblings in
Su/su chloroplasts appear to represent cross sections
of rather large areas of overlappings (,fig IC) which
are differenit from the stacks of disc-shaped lamellae
found in norrmal grana.
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