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The nuclear gene mutant viridis-n4 in barley has been characterized as a photosystem I mutant. The slow
component of the light dependent absorption change at 518 nm and the photooxidation of cytochrome f were
greatly reduced in mutant leaves compared with wild-type leaves. The oxidation of cytochrome f in mutant
leaves irradiated with far-red light was only 7 % of the value obtained with wild-type. The fast component of the
518 nm absorbance change was similar in wild-type and mutant leaves. The rate of photosystem I electron
transport in the mutant is approximately 10% of the rate observed with wild-type thylakoids whereas
photosystem II electron transport appears normal. Little or no P700 was detected in the mutant. The levels of
cytochromes and ferredoxin-NADP * oxidoreductase were normal. Mutant thylakoids were unable to generate a
proton gradient upon illumination. Analysis of the polypeptide composition of thylakoids of viridis-n?¢ revealed
that these are depleted in chlorophyll a-protein | and three polypeptides believed to be iron-sulfur proteins.
These four polypeptides are components of photosystem I particles isolated from wild-type barley.

Abbreviations: Asc = ascorbic acid, Chl = chlorophyll, Cyt = cytochrome, DBMIB = dibromothymoqui-
none, DCIP = 2,6-dichlorophenolindophenol, DCMU = 3—3,4-dichlorophenyl)-1,1-dimethylurea, DTT =
dithiothreitol, FeCN = potassium ferricyanide, GD = Gramicidin D, MeV = methylviologen, NADP *+ = §.
nicotinamide adenine dinucleotide phosphate, PD = p-phenylenediamine, PS = photosystem, SDS-PAGE =
sodium dodecyl sulfate polyacrylamide gel electrophoresis, TMPD = N,N,N’,N’-tetramethylphenylenediamine,
Tricine = N-(tris-(hydroxymethyl)-methyl)glycine, Tris = tris-(hydroxymethyl)aminomethane.
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1. INTRODUCTION

The identification of barley thylakoid polypep-
tides with respect to their function can be
approached in various ways. Recently, the five
different subunits of coupling factor (CF,) were
identified in the SDS-PAGE electrophoretogram
of total barley polypeptides by the use of
antibodies raised against purified CF; and
crossed immunoelectrophoresis (22). A different
approach is based on comparison of the electro-
phoretogram of wild-type thylakoid polypeptides
with those of mutants with known photosynthe-
tic lesions (28). Photosynthetic mutants available
from higher plants have generally been selected
due to alterations in their pigment content (13,
17, 30, 36, 37). These changes in pigment
content are often associated with gross changes
in polypeptide composition (36, 37). Most of the
higher plant photosynthetic mutants available
are therefore pleiotropic and the absence of a
particular polypeptide band cannot be correlated
directly with a measured photosynthetic defi-
ciency. However, screening of a large number of
pigment deficient mutants (47) procured a few
with almost normal pigment content and with
only few changes in their thylakoid polypeptide
patterns. One such mutant, viridis-n’¢, was
found to be preferentially depleted in chlorophyll
a-protein | and to contain very low amounts of
three low molecular weight polypeptides. The
mutant has been characterized by measurements
of electron transfer reactions, 518 nm absorption
changes, P700, cytochromes, and by the ability
of its chloroplasts to establish a proton gradient
upon illumination. From the data here presented
and from the characterization of photosystem I
particles (37, 48) it is concluded that the
polypeptides missing in viridis-n34 are related to
photosystem I and that electron transfer in
viridis-n34 is blocked at P700.

2. MATERIALS AND METHODS
2.1. Plant Material

The recessive nuclear gene mutant viridis-n’?
was obtained after treatment of wild-type barley
seeds (Hordeum vulgare L. cv. Svalof’s Bonus)
with an acute dose of X-rays (15,000 rad) (47).
Seeds were germinated in tap water moistened
vermiculite and seedlings harvested after grow-
ing 7 days at 20 °C in continuous white light

(1700 lux). Because the mutant is a seedling
lethal, stocks are maintained in the heterozygous
state. The mutant seedlings are separated from
the wild-type phenotype by their slightly paler
green color. Because the differences in pigment
content between the wild-type and mutants were
small, the visually selected mutant seedlings are
occasionally contaminated with wild-type plants.
However, mutant seedlings exhibit a higher
chlorophyll fluorescence than wild-type when
illuminated with low intensity UV light and
examined through red perspex filters. The
visually selected seedlings were therefore
checked for the presence of low fluorescing
leaves and this ensured reasonably pure samples
of mutant leaves.

2.2. Isolation of chloroplasts

Chloroplasts to be used in photochemical
reactions were prepared by homogenizing pre-
cooled leaves in a medium consisting of 0.4 M-
sucrose, 0.1 M-Tricine, 3 mw-calcium nitrate,
and 0.5% bovine serum albumin, pH 7.9. For
homogenization, a blender fitted with replaceable
razor blades was used. The homogenate was
filtered through two layers of 31 um nylon gauze
and centrifuged 5 min at 3,000 g. The pellet was
resuspended in the same medium, and the
homogenate re-centrifuged. The resulting chlo-
roplast pellet was resuspended in 50 mM-sodium
chioride, 50 mM-sodium dihydrogenphosphate,
pH 7.5, and used for photochemical experiments
after dilution with the same buffer to appropriate
chlorophyll concentrations. All operations were
carried out at 4 °C.

2.3. Isolation of purified thylakoids

Thylakoids for electrophoretic analysis were
purified by flotation in a discontinuous gradient
as described earlier (23). When not immediately
used, the preparation was divided into small
aliquots to which solid DTT was added. The
aliquots were then frozen by immersion into
liquid nitrogen and stored at —20 °C.

2.4. Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)

SDS-PAGE was performed according to the

procedure in (10). Calculation of apparent
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molecular weights corresponding to the polypep-
tide bands observed were based on the electro-
phoretic mobilities of protein standards. In
addition to the standards employed in (22), the
following low molecular weight standards were
used: myoglobin (16,900), lysozyme (14.000),
ribonuclease (12,600), and cytochrome ¢
(12,400). The electrophoretic behaviour of the
low molecular weight standards showed that
molecular weight determination in the range
below 18,000 becomes highly inaccurate with
the gel types used in this study. Molecular
weights assigned to polypeptide bands in this
range are therefore only given as a guide.

2.5. Spectrophotochemical measurements

Photochemical activities of chloroplasts at
23 °C were measured with an Aminco DW-2a
spectrophotometer operated in either the dual
wavelength or split beam mode. Where indica-
ted, side illumination was provided perpendicu-
lar to the measuring beam by a tungsten-halogen
lamp and filtered through a Schott BG-18 heat
filter and appropriate cut-off filters. The light
intensity was controlled by use of a rheostat. All
measurements were, if not specifically indicated,
carried out at saturating light intensities. The
activities were calculated from the linear rates
observed after any initial transients.

2.5.1. Photoreduction of ferricyanide (38)

The assay mixture (1.5 ml) was composed of
chloroplasts (4 pg chlorophyll - ml-1), 40 mm-
KH,PO,4, pH 7.5, 40 mm-NaCl, and 0.34 mm-
potassium ferricyanide. Where indicated, one or
more of the following compounds were included
in the assay mixture. Gramicidin D (2 pm), p-
phenylenediamine (0.1 mm), DBMIB (1 pm), and
DCMU (6.7 pm). The chloroplasts were irradia-
ted from the side with light passed through a red
Corning CS2-58 (2403) glass filter and the
photomultiplier was protected by a blue-green
Corning CS4-96 (9782) glass filter. The spec-
trophotometer was operated in the dual wave-
length mode and the photoreduction of ferricyan-
ide measured as the decrease in absorbance at
420 nm with the reference wave-length at 450
nm.

2.5.2. Photoreduction of NADP* (39)

The photoreduction of NADP * using water
as electron donor was measured in assay
mixtures (1.5 ml) composed of chloroplasts (4 pg
chlorophyll-mi-Y), 40 mm-KH;PO4, pH 7.5, 40
mM-NaCl, 0.67 mM-NADP *, gramicidin D (2
pM), and an excess of barley ferredoxin and
ferredoxin-NADP * oxidoreductase (7). When
photoreduction of NADP * via photosystem 1
alone was measured, ascorbate (2.5 mm) and
DCIP (63 pMm) were added to the reaction
mixture. The illumination from the side was
passed through a Corning CS2-64 (2030) cut-off
glass filter and the photomultiplier protected by a
Corning CS7-60 (5840) blue-green filter. The
spectrophotometer was operated in the dual
wave-length mode and the reduction of NADP *
measured as the increase in absorbance at 350
nm with 370 nm as the reference wave-length.

2.5.3. Ferredoxin-NADP* oxidoreductase
Ferredoxin-NADP *+ oxidoreductase activity
was measured in the reverse direction using
NADPH as the electron donor and DCIP as the
electron acceptor. The reaction mixture was com-
posed of chloroplasts (4 pg chlorophyll-ml-?),
40 mm-KH,PO4, pH 7.5, 40 mm-NaCli, 0.25
mM-NADPH, and 42 pm-DCIP. The reduction
of DCIP was monitored by operating the
spectrophotometer in the dual wave-length mode
and measuring the decrease in absorption at 575
nm with 540 nm as the reference wave-length.
To compensate for the slow non-enzymatic
reaction between NADPH and DCIP, a control
experiment with no chloroplasts was carried out
and the rate observed in this experiment was
subtracted from the above measured rates.

2.5.4. Light-dependent absorbance change at 518
nm(41)

The light dependent absorbance change at 518
nm was measured on segments of the primary
leaf excised between 1.5 and 2.5 cm from the top
of the leaf. The leaf segment was positioned with
its adaxial surface at an angle of 45° to the light
beams. The spectrophotometer was operated in
the dual wave-length mode with the measuring
beam set at 518 nm and the reference beam at
540 nm. Cross-illumination with red-light was
carried out by filtering the actinic light through
either a Corning CS2-60 (2408) cut-off filter, or
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through the same Corning filter combined with
either a 710 nm interference filter or a 641 nm
interference filter (Bausch and Lomb). The
respective light intensities obtained at these three
experimental conditions were 72, 2.8, and 4.6
watts - m2.
2.5.5.  Photooxidation
(cytochrome-554)
The photooxidation of cytochrome f upon
illumination of a segment of an intact leaf was
measured as described previously (39). The
spectrophotometer was operated in the dual
wave-length mode and the changes upon illumi-
nation of the absorbance at 554 nm and 541 nm
were measured (2). Otherwise, conditions were
as described in section 2.5.4.

of cytochrome f

2.5.6. Cytochromes

Quantitative determination of the content of
cytochromes f, bssy, and bg in isolated chloro-
plasts was carried out by reduced minus oxidized
difference spectroscopy (15). Ferricyanide was
used as the chemical oxidant, sodium dithionite
and hydroquinone as chemical reductants.

2.5.7. Proton gradient formation (9)
Determination of the light dependent genera-
tion of a proton gradient was carried out in an
assay mixture (1.5 ml) composed of chioroplasts
(40 pg chlorophyll- ml-!), 0.5 mm-Tricine (pH
8.0), 30 mm-NaCl, 4 mm-MgCl;, 0.2 mwm-
methyl viologen, 30 um-phenol red, and 2 mM-
NaNs. Actinic light was passed through a
Corning CS2-60 (2408) red cut-off glass filter
and the photomultiplier tube protected by a
Corning CS4-96 (9782) filter. An increase in the
pH of the medium following illumination results
in a change in the color of the pH indicator
phenol red and was measured by operating the
spectrophotometer in the dual wave-length mode
with the measuring beam set at 548 nm and the
reference beam at 592 nm. Each individual
reaction mixture was calibrated by adding 0.20
pequivalent of NaOH and measuring the ApH.

2.5.8. P700

P700 was measured from the ferricyanide
oxidized minus ascorbate reduced difference
spectrum of chloroplasts dispersed in a Triton
X-100 containing buffer (21). The duplicate

cuvettes contained the following assay mixture
(2.6 ml): chloroplasts (400 pg chlorophyil),
Triton X-100 (22.0 mg) and 42 mm-Tricine, pH
8.0. The spectrophotometer was operated in the
split beam mode and the two cuvettes were
measured against each other from 640 to 730
nm to establish a baseline. Ferricyanide was then
added to the measuring cuvette to a final
concentration of |3 mm and sodium ascorbate to
the reference cuvette to produce a 26 mwm
solution. The two cuvettes were then equilibra-
ted for 8 min before the difference spectrum was
recorded. A millimolar extinction coefficient of
64 mequivalents~' - cm~! was used to convert the
observed change in absorbance at 696 minus that
at 715 nm into concentration of P700 (21).

2.6. Oxygen electrode measurements

Photosynthetic oxygen evolution associated
with photosystem II electron transfer was
measured by use of an oxygen electrode (Rank
Bros., Bottisham, Cambridge, U.K.)(15). Photo-
system [ was assayed using ascorbate plus
TMPD as the donor system and methy! viologen
as the acceptor. The reduced methyl viologen
formed reacts chemically with oxygen and the
reaction can therefore be followed by measuring
oxygen consumption (15).

2.7. Isolation of ferredoxin and plastocyanin
Ferredoxin and plastocyanin were isolated

from seedlings of barley (6 kg) essentially by

adoption of the methods described for the

isolation of the same proteins from spinach (7,
25).

2.8. Other assays

Chiorophyll was determined spectrophotome-
trically in 80% acetone extracts clarified by
centrifugation (1). Protein concentration was
measured by the method of Lowry et al. (27)
with bovine serum albumin as a standard.

3. RESULTS

The recessive nuclear gene mutant viridis-n’¢
in barley was obtained by X-ray treatment of the
barley variety Bonus (Svalof). The lethal mutant
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Figure 1. Absorption spectra of intact primary leaves
of wild-type barley ( ) and the mutant viridis-n3?
(==-).

seedlings grown at 20 °C are green but can be
distinguished visually from the phenotype of the
mother variety as being slightly paler. Because
the mutant leaves lack the characteristic specks
of increased chlorophyll content observed in
wild-type leaves, they also appear more uniform
in color. For quantitative information on the
pigment content of leaves from viridis-n’¢ as
compared to wild-type, their in vivo absorption

TABLE 1

spectra were recorded (Figure 1). As judged from
the lower absorption at the red absorption
maximum of chlorophyll, the chlorophyll con-
tent of viridis-n’¥ leaves reaches 80 % of that of
wild-type. The ratio of chlorophyll a to chloro-
phyll b was 2.8 for viridis-n3¢ as compared to
3.4 for wild-type. The ultrastructure of the
mutant chloroplast membranes as analyzed by
thin-sectioning and freeze fracturing appears
normal (49).

Investigation by SDS-PAGE of the polypep-
tide patterns of purified thylakoids from viridis-
n34 and wild-type, showed that the mutant was
deficient in P700-chlorophyll a-protein 1 with a
molecular weight of 110,000, and highly defici-
ent in three polypeptides with molecular weights
of 13,800, 15,600, and 16,500 (Figure 2). In
order to correlate the deficiency in these polypep-
tides with photosynthetic defects, various photo-
synthetic capacities of viridis-n?¥ and wild-type
were determined.

Photosynthetic electron transfer rates were
determined either spectrophotometrically or
with an oxygen electrode (Table I). The sequen-
tial flow of electrons through photosystem II and
photosystem | was measured spectrophotomet-
rically with H)O as the electron donor and
NADP + as the electron acceptor. The rate of

Photosynthetic electron transport in barley chloroplasts from wild-type and the nuclear gene mutant viridis-n34.

Activity Electron Electron . . 34
measured donor acceptor Additives Wild-type viridis-n?
Spectrophoto-

metric pmoles of reduced
measurements: acceptor - hr~' - mg~! chlorophyll
PSI + PSII H»0 FeCN - 68 17
PSI + PSII H>0 FeCN DCMU 0 0
PSI + PSII H>O FeCN GD 175 22
PSI + PSII H,O FeCN GD, DBMIB 46 15
PSII H>0 PD, FeCN - 171 132
PSII H0 PD, FeCN DBMIB 165 128
PSI + PSII H»0 NADP+ - 10 0.3
PSI Asc, DCIP NADP * - 5 0.3
Oxygen

electrode umoles O3
measurements: evolved - hr~!-mg~! chlorophyll
PSII H>0 PD, FeCN 71 77
PSI Asc, TMPD MeV =592 - 66
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_a-CF4
~B-CF,

~Chl,-P3

-cyt/
-Chlg,-P1
-Chlg-P2
-Chl,;-AP2

viridis-n34 wild-type

Figure 2. Polypeptide pattern obtained by SDS-PAGE of thylakoids from wild-type barley and the nuclear gene
mutant viridis-n34,

The separation was carried out by use of an 11-15% gradient gel and the micrograms of chlorophyll applied
are indicated in the respective slots. The polypeptides which were found deficient in the mutant are marked by
arrows. The position of the hitherto identified polypeptides in the wild-type pattern is also indicated (22). The
nomenclature system used is as defined in (29).
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NADP + reduction was 10 pmoles-hr!-mg~
chlorophyll for wild-type compared with only
0.3 pmole-hr!-mg~! chlorophyll for viridis-
n34. Thus for the experimental conditions used,
the rate observed for viridis-n’¢ was less than
5% of the wild-type rate. When the electron
acceptor NADP * was replaced by ferricyanide
and the photophosphorylation uncoupler grami-
cidin D was present, the respective rates
observed were 68 and 17 pmoles-hr!-mg-!
chlorophyll. Ferricyanide operates mainly as an
electron acceptor at or very near the eleciron
carrier X (42) and therefore by-passes electron
transfer via ferredoxin and ferredoxin-NADP +
oxidoreductase. Because of the loss of ferredoxin
and partial loss of the oxidoreductase during
preparation of the chloroplasts, this latter part of
the electron transfer is severely rate limiting (24,
44). To compensate for these losses, saturating
amounts of both proteins were added to the
incubation mixtures with NADP*+ as electron
acceptor. However, optimal rates are not neces-
sarily reestablished by this procedure. Ferricyan-
ide can also accept electrons directly from
photosystem II when the electron flow through
photosystem 1 is blocked or when broken,
sonicated or detergent treated chloroplasts are
used (42, 43). DBMIB acts as a plastoquinone
antagonist and is a potent inhibitor of electron
transport between photosystem II and photosys-
tem I (8, 45). As expected, the addition of
DBMIB to the reaction mixture decreased the
rate of ferricyanide reduction by wild-type
chloroplasts. However, for viridis-n3¢ the de-
crease in ferricyanide reduction was barely
detectable. The mutant is therefore either defec-
tive in photosystem I electron transport or has an
altered membrane structure which makes its
photosystem II acceptor site accessible to ferri-
cyanide.

Direct measurement of photosystem II elec-
tron transfer was carried out with H,O as the
electron donor and p-phenylenediamine and
ferricyanide as electron acceptors. p-Phenylene-
diamine is a lipophilic compound which can
partition into the membrane and thereby acts as
a shuttle moving reducing equivalents from
plastohydroquinone in the membrane to ferri-
cyanide located at the membrane surface (32,
46). The rate of photosystem II electron transfer
observed with viridis-n*¢ was comparable to the

wild-type rate when measured either spectro-
photometrically by the rate of ferricyanide
photoreduction or by the rate of oxygen evolu-
tion (Table I). As expected for photosystem II
electron transfer, the rates observed were not
sensitive to DBMIB. From these data, photosys-
tem II electron transport in viridis-n3¢ is normal
and appears to be catalyzed by polypeptides
unrelated to those missing in viridis-n3?.

In contrast to the results obtained for photo-
system II, measurements of photosystem I
activity revealed distinct differences between
viridis-n34 and wild-type. Photosystem I activity
was again determined both spectrophotometric-
ally and by use of an oxygen electrode. The level
of activity in viridis-n’¢ was found to be less than
10% of that in wild-type, when NADP * was
the electron acceptor and ascorbate plus DCIP
the electron donor. It was likewise low in the
assay measuring oxygen consumption upon
photosystem I mediated methyl viologen reduc-
tion. In order to characterize other components
of the electron transport chain in the mutant the
following measurements were carried out.

Light induced absorbance changes at 518 nm
and photooxidation of cytochrome f were deter-
mined in intact leaves of the wild-type and
viridis-n34. The absorption change at 518 nm
was measured during irradiation of the leaves
with a broad band of red light or red light filtered
through either a 710 nm or a 641 nm
interference filter (Figure 3). The 518 nm
absorbance change is usually composed of two
distinct phases (26). The rapid change, frequently
seen as a spike in Kinetic measurements,
indicates the formation of a membrane potential
in or across the thylakoid membrane. The
subsequent slow change is associated with light-
dependent energization of the thylakoid mem-
brane and establishment of a proton gradient
across the membrane (26, 41). Both wild-type
and viridis-n’4 leaves showed the fast component
of the 518 nm change. This is best seen in the
low intensity irradiations where narrow-band
interference filters were used (Figure 3b and c).
The slow component, which is dependent upon
electrons generated by photosystem II, was
indeed absent in wild-type and viridis-n?? seed-
lings irradiated with far-red light that preferen-
tially excites photosystem I. Irradiation with red
light or red light passed through the 641 nm
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Figure 3. Light dependent absorbance change at 518
nm in leaf segments of wild-type barley and viridis-
34
n’
The leaves were illuminated with red light (a), light
at 710 nm (b), or light at 641 nm (¢). Upward arrow,
light on; downward arrow, light off.

interference filter resulted in a slow 518 nm
absorbance change. This change was however
greatly reduced in viridis-n’¢ indicating a re-
stricted flow of electrons between the two
photosystems.

Photooxidation of cytochrome f in the intact
leaf was measured as a decrease in absorbance at
554 nm (34, 39). Cytochrome f is situated
between the two photosystems. It is oxidized by
photosystem I in the light and reduced in the
dark period by reductants generated via photo-
system II during the period of illumination.
Upon excitation of both photosystems with a
broad band of red light, the extent of photooxida-
tion of cytochrome f was low in viridis-n3
compared with wild-type (Figure 4a). Preferen-
tial excitation of photosystem II by use of red
light of wave-lengths around 641 nm (Figure 4c)
produces cytochrome f absorbance changes
similar to those observed with broad band
illumination, except that a prolonged irradiation
was required for maximum photooxidation of
cytochrome f in the wild-type.

A more significant difference was observed by
using far-red light which preferentially excites
photosystem I (Figure 4b). Under these condi-
tions, the absorbance decrease observed in
viridis-n** upon illumination was only 7% of
the change observed in wild-type. This indicates
that the mutant is deficient either in cytochrome
f or in photosystem I mediated oxidation of
cytochrome f. The rate of dark-reduction of
cytochrome f following irradiation with 710 nm
light was faster in viridis-n?* (ty, = 0.5 s) than
in wild-type (ty = 18.6 s), supporting the
notion that the ratio of photosystem II to
photosystem 1 activity is high in viridis-n??
compared with wild-type.

To further localize the observed defect of
electron transfer in viridis-n3¢, the cytochrome
levels in mutant and wild-type chloroplasts were
determined from their reduced minus oxidized
difference spectra (15). On a chlorophyll basis,
the measured levels of cytochromes f, b¢, and
bssq (Table IT) were found to be slightly increased
in viridis-n3? compared with wild-type and the
low photosystem I activity observed in viridis-
n3? is thus not due to the lack of a cytochrome-
type electron carrier. Because of the low light

Wild type 34

(a) ‘
[ AA-0001

2 sec T

{b) i ‘
[M !

12 sec T

o |

A e

12 sec T

viridis-n

}
L_—T/

Figure 4. Photooxidation and dark reduction of
cytochrome fin leaf segments of wild-type barley and
the nuclear gene mutant viridis-n’*.

The leaves were illuminated with red light (a), light
at 710 nm (b), and light at 641 nm (c). Downward
arrow, light on; upward arrow, light off.
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Table 11

Cytochrome content of barley chloroplasts from wild-type and the nuclear gene mutant viridis-n34.

- al Molar ratio
ant materia
Chl/Cyt f Chl/Cyt be Chl/Cyt bsso
wild-type 1780 500 890
viridis-n34 1640 350 650

intensity at which the plants were grown, the
ratios of chlorophyll to cytochromes are high as
is typical for shade conditions (6, 34). The
presence of cytochrome f in viridis-n’¢ was also
indicated from the electrophoretic pattern
(Figure 2).

The SDS-PAGE polypeptide pattern of viri-
dis-n3* compared to wild-type revealed a dimi-
nished content of chlorophyll a-protein 1 in the
mutant thylakoids. Because this polypeptide is
thought to carry the reaction centre P700 of
photosystem 1 and because the viridis-n’?
thylakoids were deficient in photosystem I
activity, it was of interest to examine viridis-n3?
for P700. For wild-type thylakoids the oxidized
minus reduced absorption spectrum showed the
expected minimum at 696 nm, but only a slight
shoulder could be detected at 696 nm for viridis-
n34 thylakoids. From the difference spectra, the
chlorophyll/P700 ratio was calculated to be 240
for wild-type and greater than 10,000 for viridis-
n34. Thus the reaction centre of photosystem I is
highly impaired in viridis-n?‘. Due to the
difficulties in differentiating viridis-n’4 seedlings
from the wild-type phenotype, contamination
with wild-type leaves may be responsible for the
P700 activity detected in viridis-n’4.

One predictable consequence of the impair-
ment of the photosystem I reaction centre in
viridis-n’* to mediate electron transfer would be
a decrease in the ability of mutant thylakoids to
generate a light dependent proton gradient.
Under conditions where wild-type thylakoids
generated a proton gradient of 0.3 pmole - mg-!
chlorophyll, thylakoids of viridis-n34 produced a
barely detectable gradient (Figure 5).

Further characterization of viridis-n3* with
respect to photosynthetic capacity was carried
out by activity measurements of ferredoxin-
NADP *+ oxidoreductase. The amount of ferre-

viridis-n>?

!

Figure 5. Light induced changes in the pH of the
medium containing chloroplasts of wild-type barley
or viridis-n3Y. Upward arrow, light on; downward
arrow, light off.

1 min

doxin-NADP *+ oxidoreductase present in wild-
type chloroplasts was able to reduce 1 1.6 umoles
DCIP - hr' - mg-! chlorophyll while the amount
found in viridis-n’¢ was able to reduce 16.1
pmoles DCIP-hr~'-mg~! chlorophyll. These
activities are comparable and indicate that the
mutant does not differ from wild-type with
respect to this protein.

4. DISCUSSION

In higher plants, only a few mutants have
been described as defective in photosystem 1. The
plastome mutant en:alba-1 from Antirrhinum
majus lacks chiorophyll g-protein 1 and pro-
bably its apoprotein under conditions permitting
partial greening of the plastids (17). In compari-
son to wild-type, the plastids showed an
approximately 50 % reduction per chlorophyll in
Hill activity with either DCIP or ferricyanide as
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electron acceptor (18). Measurements which
specifically pinpoint the defect to photosystem 1
have however not been provided. The plastome
mutant en:gil-/ of Pelargonium zonale lacks
chlorophyll a-protein 1 and its apoprotein (20).
The leaves gave a delayed light emission signal
comparable to that of wild-type, but were
deficient in an electron spin resonance signal
observable in wild-type leaves (19). In the
absence of photochemical measurements it can-
not be decided whether this mutant has a specific
lesion in photosystem 1.

The two barley mutants viridis-k?3 and
xantha-13’ have erroneously been cited as photo-
system I mutants in (30). It has been shown that
these mutants contain photosystem [ and II
activities and maintain a proton gradient upon
illumination (16, 33).

In corn two groups of photosystem I deficient
mutants have been described (30, 31). An
analysis of chlorophyll containing proteins re-
vealed one group to be deficient in chlorophyll a-
protein . Of the five mutants in this group, one
(hcf 1489B) was lacking P700 activity, had only
10% of the wild-type level of photosystem I
activity (DCIP to MeV) and substantial photo-
system II activity as measured by DBMIB
reduction. This mutant may be similar to viridis-
n4 in barley and it will be of interest to see if it
lacks the low molecular weight polypeptides
characteristic for photosystem I and whether
SDS-PAGE reveals a partial or complete absence
of the 110,000 molecular weight band. Among
the other four mutants in the group, one had
small amounts of chlorophyll a-protein | and
significant photosystem I activity, whereas the
remaining three were impaired in both photo-
systems. The second group of photosystem I
deficient mutants in corn (31) were complex
lesions characterized, inter alia, by the additional
absence of chlorophyll a/b proteins.

While a deficient function of photosystem I
can be recognized by photochemical measure-
ments or by fluorescence induction Kinetics, this
does not necessarily mean that the primary
lesion resides in photosystem I. Likewise, the
absence or reduction of chlorophyll a-protein 1
per se is not sufficient to designate a mutant as a
photosystem I mutant.

In Chlamydomonas four mutants have been
analyzed which lack P700 and photosystem I

activity but contain the other tested components
of the electron transport chain. Three of these
(ac-80, F1 and F14) are nuclear gene mutants
lacking chlorophyll a-protein 1 (12, 14). The
fourth mutant (C;) displays non-mendelian
inheritance and is highly deficient in chiorophyll
a-protein 1 (5).

Employing inhibitors of protein synthesis on
cytoplasmic and chloroplastic ribosomes in
conjunction with mutants resistant towards
these inhibitors, CHUA and GiLLHaMm (11) have
shown that the presence of chlorophyll a-protein
1 in the Chlamydomonas thylakoid membrane is
dependent on protein synthesis in both the
cytoplasmic and chloroplastic compartments.
Whether or not this implies that chiorophyll a-
protein | is made up of one chloroplast coded
and one nuclear coded polypeptide is presently
not known. The residual chlorophyll protein at
the position of chlorophyll g-protein [ of the
nuclear mutant viridis-n’* in barley could
represent a chloroplast coded polypeptide. In
such a case both polypeptides are required for the
establishment of an active P700 reaction centre.

In addition to the deficiency in the chlorophyil
a-protein 1, mutant viridis-n3¢ is highly defi-
cient in three polypeptides of lower molecular
weights, namely 13,800, 15,600, and 16,500.
Isolated photosystem I particles from the wild-
type (37, 48) contained 110,000, 16,500, and
15,600 molecular weight polypeptides corres-
ponding to three of the polypeptides deficient in
viridis-n3% and an additional three polepeptides
(33,000, 32,500, 13,800) which are present in
comparable particles of viridis-ni* (to be de-
scribed in a subsequent publication).

Photosystem [ particles composed of six
components have earlier been reported isolated
from Swiss chard leaves (3, 4) and the function
of these polypeptides has tentatively been identi-
fied as follows. The particle contains two
polypeptides with a molecular weight of 110,000
and these carry the antenna chlorophylls which
transfer energy to the P700 reaction centre
located on one of these polypeptides. A polypep-
tide with a molecular weight of 20,000 is sug-
gested involved in the binding of plastocyanin.
Three polypeptides with molecular weights of
18,000, 16,000, and 8,000 were suggested to be
iron-sulfur proteins mediating the transfer of
electrons from the primary acceptor on the
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110,000 molecular weight polypeptide to soluble
ferredoxin (4). Recently, an additional iron-
sulfur protein has been shown involved in this
electron transfer (35). Iron-sulfur proteins are
likely candidates for the three small polypeptides
present in minute amounts in viridis-n?4. The
fourth iron-sulfur protein with a molecular
weight of 8,000 may also be missing in the
mutant. Low resolution in this molecular weight
range of our gels does not permit a decision on
this point. The presence or absence of these iron-
sulfur proteins in the mutant will be investigated
directly by electron spin resonance spectroscopy
(40).

The absence or near absence of P700 in
viridis-n3 as judged from its chemically oxidized
minus reduced spectrum can explain all the
photochemical results obtained with this mutant.
The absence of a functional P700 reaction centre
may also prevent the incorporation of the iron-
sulfur proteins into the membrane. Alternative-
ly, the absence of iron-sulfur proteins may
prevent the formation of a P700 reaction centre
detectable by difference spectroscopy.
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