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I. - LIGHT HARVESTING AND ELECTRON TRANSPORT INC4 PLANTS

During the past year we reported that, in contrast to the findings
of Hardt and Kok (Plant Physiolg‘ggJ 59-63, 1978), bundle sheath chloro-
,plastsffrom corn contain only about 15% as much photosystem II (PS II)
activity as corn.mesbphyll chloroplasts*. This conclusion was based on
measurements of O_2 evolution using oxidizedAphenylenediamine or 2,5-dimethyl-
_ p-benzoquinone as the terminal electron acceptors, and on the variable
‘fluorescence obtained from room-temperature fluorescence rise curves.
Parallel experiments on the same chloroplast preparations using the PS II
donor tetraphenylboron -- which is oxidiéed by photochemically active
centers regardless.of whether or not'the Oz-evolving system is intact -- led
to an estimate of n 30% for the bundle sheath/mesophyll PS II ratio. These
data suggested that the Oz-evolution system may have been damaged.during
the enzyme-based chloroplast isolation procedure, leading to artifically low
bundle sheath mesophyll PS II ratios. _

To test this hypothesis, we isoiatéd bundle sheath and mesdphyll chloro-
plasts by the method of Lee (Virginia J. of Sci. 28, 157-162, 1977). This
procedure, which is not enzyme based, includes a step in which the leaf seg-
ments are vacuum-infiltrated with dithiothreitol and polyethylene glycol

before differential grindings**. We were able to obtain bundle-sheath chl

Progress Report and Renewal Proposal July 1979; Progress Report, April
1979. ,
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To assure that we duplicated his procedure as closely as p0351b1e we con-

tacted Dr. Lee (now working at Diamond Shamrock Co., Cleveland, Ohio)
several times during the course of these experiments.



a/b ratios of 6.5 to 7.0 ucing this procedure, which indicated.that the
preparations containéailess fhan 10% mesophyll contamination.

The bundle sheath/mesophyll ferricyanide Hill activity ratio in these
chloroplast-preparatioﬁs was aboﬁt 20% in the presence of the uncoupler
methylamine. (This ratio increased to.SO%.in the absence of uncoupler,
reflecting differences in the degree of coupling in the isolated chloro-
plasts of the two cell types.) When dimethylquinone (a compound which can
efficiently accept electrons fram PS II) was used as the Hill écceptor, the
A bunﬁle sheath/mesdphyll ratio was about 30%. Since 1) there seems to be
some variability in these preparatioﬁs (which can be ascribed to differences
. in e.g., leaf age); and 2) Qe have observed that these two acceptors haﬁe
different light saturation éharactefiétics) the observed differences in the
.bundlg sheath/mesophyll ratio betweén these two acceptors may not be signi-
ficant (see below and section IV).

These findings were corroborated by épectrélAmeasurements of ApH using
the PS II donor tetraphenylboron. Like the earlief data, these measurementé
indicated that the bundle sheath/mesophyil,PS II ratio is about 30%.

This latest round of experiments generally corroborates our earlier
findings, viz, that bundle sheath chloroplasts are deficient in PS II com-
pared to those of the mésophyll. The non-enzymatic chloroplast preparation
procedure méy preserve a greater percentage of Oz-evolving activity (com-
pared. to previously employed enzymatic pfocedures), but not enough'to alter
the basic conclusions.

An intéresting aspect of the spettral PS II - PS1 measuréments is

that there seems to be lesé divergence in the PS II/PS I and P700/chl ratios

\



in the two chloroplast types in the later nm-ehzymazic xpe*‘unents (l'ableI)
Partlcularly notable ‘is the much decreased enrichment of P700 in the bundle
sheath chloroplasts prepared by the non- enzymatlc method. Altnough at first
sight this might suggest thatthe non- enzymatlc method at 1east 1n.ourfmmds
results in a less pure bundle sheath preparation, thlS is probably not the

case, since 1) the measured a/b ratio$ suggest that that there was very

little mesophyll contamination (see above), and 2) the mesophyll ffaetiea :
. prepared non-enzymatically also contained less P700 per chlorophyll than.

that obtained by the enaymatic method.

. TABLE I

_PS2/PSL____'P700/Chl

Non-enzymatic method, mesophyll 1.1 _ 1/360
" o " bundle sheath 0.3 1/260
Enzymatic method, mesophyll . ‘ 1.4 1/28S

" " bundle sheath 0.19 1/130

It seems probable that the variations in the results of these ex-
periments reflect, at least partly, variations in the corn itself) i.e.
we are monitoring parametersjthat are not constant ih nature (see sEEtioﬁ“ﬂ'
V). Despite'these variations, however, the important aspects of the data
are consistent, viz, the PS II content of bundle sheath chloroplasts is
smaller than in those of the mesophyll (at least threefold), and the PS I

content is somewhat larrer.



II. MASS SPECTROMETER,STUDIES

In'an earlier proposal (BI 78-13R) we described a mass spectrometer-
inlet system for measuring the amount and isotopic composition of gases
evolved and consumed by photosynthetic tissue in response to single shoft
saturating light flashes. Recently we completed a series of studies in
which we used this technique to study photosynthetic Oz_evolution with
18O'-labeled substrates. A paper describiﬁg this work recently appeared
in FEBS Letters (110, 57-61, 1980). We reported the foilowing: |

180—iabelai

1) When CO;-depleted chloroﬁlasts were reactivated with
bicarbonate,-all the O2 evolved had the isotopic composition of the-HZO
rather than the COZ.- These. results support the idea that neither bi-
carbonate nor CO2 is the immediate source of phqtosynthetically evolved 02.

~ 2) When these chlofoplasts or normél non-depleted chloroplasfs were .
flashed in the presence of H2180 added in total &arkness, all of thé 02’
including that evolved in the first'few flashes, had the isotopic composi-

“tion of the added H,0. This indicates that the S1 state does not contain

2
a bound intermediate oxidation product of HZO.

3) Although CO2 dépletion did not affect the O2 evolution system
directly, it drastically decreased the magnitﬁde of the ferricyanide-
induced "anomalous double hit,'" probably due to an inhibition of reactions

on the acceptor side of system II. This inhibition may provide a mechanism

for regulating cyclic electron flow in vivo.

We were recently requested to prepare a sumary of our work on light-

d;iven O2 uptake fqr publication in 'What's New in Plaut Physiqlogy.” A



~ copy of this manuscript; entitled 'Uptake of Oxygen by Light-Generated
Reductant,' is enclosed (Appendii A). |

ITI. BIOCHEMICAL STUDIES

Chloroplast Copper Proteins

1. Action of Salicylaldoxime on Electron Transport Reactions, Fluores-
cence Yield, and Light-Induced Field Changes in Spinach Chloroplasts

In this study, we were interested in-defermining the mechanism
of inhibition by the copper chelator; salicylaldoxime, of phéto-
synthetic electron transport reactions. This work grew out of an
effort to account for the "missing'' copper protein(s}‘associafed:,g
with the chloroplast membrane. Since 1) salicylaldoxime inhibits -
electron flow at or near a site in PS‘Ii, 2) earlier chelator studies
implied the existence of a metalloprotein (other than manganése) on
the water-to-silicomdlybdate pathway, and 3) a copper-manganese pig-
ment protein complex implicated in the waterjsplitting mechanism was

isclated from Phacodactylom tricornutrum, it was reasonable to surmise

that salicylaldoxime inhibits a copper -protein at this site.

'in light of these considerations, we reinvestigated the action
of salicylaldoxime on photosystem II reactions. We found that
its effects involved 1) an irreversible loss of manganese from the
water-splitting mechan}sm, and 2) a reversible effect, which we

ascribed to suppression of charge separation within the photosystem II



trap. We found, however, no evidence to suggest that either mode
of inhibition was due to interaction with a copper-containing pro-
tein in photosystem II.

A paper describing these findings has been accepted for publi-

capion'in Arch. Biochem. Biophys; a copy of the manuscript is

enclosed with this report (Appendix B). Its abstract reads as
follows:

Salicylaldoxime (1-10 mM) inhibits chloroplast electron
transport reactions by a reversible and an irreversible
modification of photosystem II. The irreversible in-
“hibition correlates with removal of the loosely bound.
pool of manganese associated with the water-splitting
mechanism. The reversible inhibition is characterized
by 1) a suppression of artificial donor reactions,

2) a high initial fluorescence yield, .and 3) a decline

in the amplitude of the flash-induced electric field
across the membrane. After removal of the inhibitor,

the initial fluorescence yield declines to near-control
levels, but the variable portion of the fluorescence

rise remains missing. Addition of an artificial donor
restores the variable fluorescence yield and normal
electron transport rates to 2,6-dichlorophenolindophenol.
Characteristics of the reversible inhibition suggest that
salicylaldoxime causes suppression of photochemical charge
separation in photosystem II.

Spinach Thylakoid Polyphenol Oxidase

We recently succeedea in isolating two distinct-enzymes containing
polyphenol oxidase activity (PPO I and PPO LI) from the thylakoid mem-
branes of spinach chloroplasts. The method of release consists of
sonicating osmotically shocked spinach chloroplast membranes in a low
ionic-strength medium. Upon 1ibération, nearly 60% of the enz&mé Te-

mains latent, and shows no dopa-mediated oxygern uvptake unless the enryme



is activatad. We found that the activation process can be accom-:
plished by incubating the enzyme with linolenic acid or éhy other C18'

C,, saturated or unsaturated fatty acid, as well as with tr&bsin. To

20
our knowledge, linolenic acid represents the first physiologicaliy:
,' important“molegqgé_gp Be positively ident;fied'as an activator of plant
'polyphenol_oxidase..i .
. Polyphenol'oxidase I has been purified to homogeniety by ammonium
sulfate precipitation -and Sephadex S-200, DEAE Bio-Gel A, and hydroxyl-
apatite chromatography. The native enzyme has én estiméted molecular
weight of 158,000 daltons by gel filtration on Sephacryl S200 and S300
but appears to aggregate in a low-salt medium. [This aggrégation |
accounts‘for the higher ﬁolecular weight C£260,000 daltons) stated in '
‘Athe 30-July'1979 report/proposag]:nty SDS polyacrylamide gel electro-
phoresis, the protein appears to ha&e a molecuiar weight of 42,500
daltons. From these data, we tentatively conclude that the native
. enzyme is a tetramer of the 42,500-délton peptide.

In temms of activity, purified PPO I is an o-diphenol oxidase,
showihg no- detectable levels of ascorbic acid oxidase or monophenol
oxidase activities. The K, for DL-dopa and oxygen is 8.5 mM and
0.055 mM, respectively. The apparent Km data for other possitly
physiological substrates are: 11.6mM for chlorogenic acid, 15.7 mM
for pyrogallol, 3.13 mM for catechol, 40.7 mM for tryamine, and 0.74 mM

for dopamine. The last three substrates show considerable substrate

inhibitieon at concentrations near their Km' Consistent with the



assignment as a copper-containing protein, the activity is inhibited
with the copper chelators cupferron;ﬁsalicylaldokime,and diethyldithio;
carbamate. With 12.5 mM dopa as substrate, the enzymatic actiyity is
inhibited 50% by 17.5 uM salicylhydroxamic acid. This latter finding
is particularly interesting since substituted hydroxamic acids are
potent inhibitors of cyanide-insensitive respiration.

Polyphenol oxidase II has an estimated molecular weight of 42,500
daltons by gel filtration on Sephadex G-100. The enzyme has not yet
been purified to homogeneity'nor have its properties been eXtensively
studied. We are currently operating under the assumption that PPO II
fepresents the monomer form of PPO I; however, we have no data as yet
to prbve this point. (The aggregation of the protein under low salt
Conditions may account for the molecular weight of 140,000 daltons
reported in the 30 July'1979 report/proposal. All chromatography is
now performed in buffer containing 0.2M. KC1 to avoid this difficulty.)

We found an enormous seasonal variation in the polyphenol oxi-
dase content of spinach chloroplasts (17;7 mg enzyme/kg spinach leaves
in August vs 1.6 mg/kg'in mid-December). This would argﬁe against its
role as an electron-trasnport intermediate in photosynthesis.

A manuscript describing these findings is in preparaticn.



IV. OTHER ACTIVITIES

A Teview paper from our laboratory entitled 'Mechanisms of Electron
Flow in Photosystem II and Toward Photosystem I" will appear in Vol. 31
of Ann. Ref. Plant Physiol. CAppendiX C). This review eXpresses our
views on electron transpdrt.in green plants, including corn, as developed
over the past few years. One of the paper's major objectives was to argue
that the popular concept of linear chains consisting of one PS II and one
PS I should be abandoned in favor of a looser, nonstoichiometric organi-
zation of electron transfer components. According to this view, there are
three major (complex) ﬁnits of electron transfer activity, which are
connected by pools of.plastoquinone,  plastocyanin, and ferredoxin, so
called ''distributive mediators.' The three compelXes are the two photo-’
'systéms, PS I and PS II ahd a‘cyfochrome Qé-f_comblek, similar in structure
and function to the ubiquinone-cytochfome E;g_okidoreductase of mitochondria
and bacteria. This cytochrome complex catalyzes electron flow between
plastoquinone and plastocyanin, coupled to transmembrane proton trans-
location, and may also catalyze electron flow between ferredoxin and plasto-
.quinone. Two aspects of this scheme. are of particular relevance to our
studies of corn: 1) it fatiohalizes.the variability of the relative'PS 1/
PS II content of chloroplasts, which ig so specially striking with corn,
and 2) it suggests a mechanism for cyclic electfon flow (with ferredoxin re-
placing PS II as the reductant of plastoquinone).

The characteriétics of electron and proton transfer by the cytochromes

Eé-f_complek have been described in earlier papers from this laboratory. A
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recent paper (Apﬁendix D)-further'damonstrates the involvement of the
cytochrome domplek‘in"electron_flow between PSITand PS I. The most
notable result described in this paper concerns the secondary phase of
the electrical field generation, characteristic for electron flow through
thé cytochrome complex. With thoroughly dark-adapted chloroplasts illum-
inated with flashes, the amplitude of this secondary pﬁase was found to
oscillate with flash number in phase with an oscillation of intersystem
electron flow. This result is predicted by our earlier proposed scheme,
and is not consistent with schemes that consider the cytochrome complex

to be involved strictly in cyclic flow.





