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. I. LIGHT HARVESTING AND ELECTRON TRANSPORT IN C^ PLAINTS 

The source of electrons for the Calvin cycle in bundle sheath chloro-

plasts of C, plants continues to be a major problem. Discrepancies occur 

in the literature concerning the presence or absence of photosystem II in 

bundle sheath chloroplasts of NADP-ME species. Walker and Izawa (5) have 

isolated bundle sheath strands from corn that would evolve oxygen with 2,5-

dimethylquinone .as the acceptor at rates between 250 and 420 eq/chl-hr. 

Rathnam and Edwards (4) reported oxygen evolution rates of 600 equivalents 

per chlorophyll hour in bundle sheath strands of Digitaria sanguinalis. 

Reports in the bulk of the literature, however, indicate that photosystem 

II is very low in these cells. 

We have continued our studies on this subject by seeking methods of 

isolating bundle sheath strands and chloroplasts from corn leaves in such 

a way that they are free of mesophyll but still retain their photochemical 

activity. Our criteria thus far for the extent of separation of the two 

types of cells have been light microscopy and chlorophyll a/b ratios. 

Fluorescence microscopy, however, is now proving to be an excellent tool 

because mesophyll chloroplasts exhibit higher fluorescence emission than 

bundle sheath. A chloroplast suspension with a chlorophyll a/b ratio of 

7.0 contains 2 to 51 mesophyll- contamination according to this fluorescence 

method. The a/b ratio for mesophyll preparations is 3.3. We used these 

ratios to calculate the percent of either type.of chloroplast in mixed 

suspensions. 

The technique used for isolating bundle sheath chloroplasts was a 

modification of a method of Poincelot (3). It involved grinding the leaves 
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in an omnimixer to eliminate most of the mesophyll cells, followed by a 20-

minute enzyme treatment at room temperature at pH 6.0 to remove the remainder 

of the mesophyll. It was necessary to include bovine serum albumin in the 

enzyme incubation medium to prevent loss of photochemical activities. This 

method was used in preference to that of Kanai and Edwards (2) because the 

exposure time to the enzyme and to room temperature was much shorter and 

the pH was closer to neutral. It had the added advantage that the bundle 

sheath strands were weakened in such a way that chloroplasts could be iso

lated with greater intactness upon subsequent grinding. The ratio of chloro

phyll a/b in these chloroplasts was 7.0, indicating negligible mesophyll con

tamination. 

Approximations were made of damage to the photosystems by the enzyme, the 

low pH, or the temperature during this incubation by running parallel experi

ments with corn mesophyll and spinach chloroplasts. In both cases, the pri

mary damage incurred during the enzyme treatment appeared to be in the elec

tron transport chain. (This is also the site that is damaged first when 

spinach chloroplasts are aged at this pH without enzyme.) The transport of 

electrons from H20 to the top of photosystem I, measured as the rate of 

oxygen uptake in the presence of methylviologen, decreased 30% in spinach 

and 60% in corn mesophyll after enzyme treatment. By way of contrast, 

oxygen evolution rates"with the photosystem II electron acceptor phenylene-

diamine were unaffected in spinach and 23% inhibited in corn mesophyll. Loss 

of photosystem I was negligible in both cases. Photosystem II of com mesophyll 

appeared to be more vulnerable to the enzyme than photosystem II of spinach 

chloroplasts, possibly due to the lower level of intactness of the mesophyll 

as determined by permeability to ferricyanide. 
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Since the bundle sheath chloroplasts are protected by the cell walls, one 

might expect that the damage to photosystem II in'these preparations would be 

far less than that-in the free chloroplast. Efforts will continue to find a 

means of observing .damage caused by the enzyme to the bundle sheath strands 

by using the membrane permeable photosystem II electron acceptor, 2,5-dimethyl-

quinone. 

Bundle sheath strands with chlorophyll a/b ratio of 7.0 were also pre

pared by grinding techniques alone, but it was more difficult to obtain 

chloroplasts that were not disrupted into particles by this method. Thus 

far, we have been unsuccessful in obtaining bundle sheath strands with such 

high a/b ratios by using the gentler technique of Walker and Izawa (5). 

Higher oxygen evolution capacities of chloroplasts isolated in this manner 

correlated with lower a/b ratios, a clear indication of contamination by 

mesophyll cells. 

Early efforts to isolate bundle sheath chloroplasts from corn leaves, 

whether by grinding with a Brinkmann "polytron" or differential omnimixer 

grinding and enzyme treatment, resulted in the breakdown of the chloroplasts 

into particles. Oxygen evolution mediated by the photosystem II electron 

acceptor phenylenediamine was about 210 equivalents per chlorophyll hour (22% 

of the mesophyll chloroplast rates) in those preparations, which had chloro

phyll- a/b ratios of 6 (80% bundle sheath). This rate therefore could be attri

buted to the mesophyll contamination. Photosystem I activity was 2 to 4 times 

that found in mesophyll. Since then we have obtained preparations by differen

tial grinding and enzyme treatment that consists of 95 to 100% bundle sheath 

chloroplasts which are whole (as opposed to particles) when observed under 

the microscope. We would expect very little loss of photosystem II components 

from these chloroplasts. System II activity however, was still minimal,' 
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120-140 eq/chl-hr with oxidized phenylenediamine or dimethylquinone, or 

about 10 to 12%'of that in mesophyll. 

Fluorescence induction under various conditions was also studied m tne 

whole bundle sheath chloroplasts. Initial fluorescence (Fj_) was the same as 

that observed in spinach, but variable fluorescence ( F ) was- negligible. 

The existence of this initial fluorescence presents some problems: it is 

generally thought to be related to photosystem IT, but even in the presence 

of DCMU or tetraphenylboron (which donates electrons on the. oxidizing side 

of PS II) variable fluorescence did not exceed 15% of that observed in 

spinach. 

Linolenic acid destroys variable fluorescence in spinach chloroplasts 

by raising the level of the initial fluorescence to that of the maximum fluores

cence in untreated chloroplasts. When the bundle sheath chloroplasts of the 

corn were so treated, there was no increase in the initial fluorescence, nor 

did hydrosulfite significantly raise the level of fluorescence. This would 

suggest that either there is negligible photosystem II, or that it is present 

but is already affected in very much the same way of linolenic acid would 

affect spinach chloroplasts. 

We recently developed a new spectrophotometric assay for reaction 

centers in which we measure the pH change induced by a single flash. The 

concentration of system I is calculated from the proton uptake with methyl-

viologen minus the proton uptake with ferricyanide as the terminal electron 

acceptor. The System II concentration is measured as the net proton evolution 

in the presence of ferricyanide, DG4J and the artificial System II donor 

tetraphenylboron; in this measurement, all system II centers that are photo-

chemically active are included, even if they are unable to evolve oxygen. 
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The result of such an experiment in which chloroplasts preparations were 

compared that had a P700 ratio of 1.55 (P700 per Chi, in bundle sheath vs 

mesophyll) was as follows. In the mesophyll preparation the ratio System 11/ 

System I was 0.8; in the bundle sheath it was 0.15. Also, the enrichment 

of 50% in System I centers in the bundle sheath preparation (vs the meso

phyll) was confirmed by the assay. The conclusion is that the total number 

of reaction centers (I + II) in the two preparations, per chlorophyll, was 

about the same, and that the system II content of the bundle sheath prepar

ation was -30% of that of the mesophyll. 

On the basis of the low oxygen evolving capacity and the low content of 

variable fluorescence in bundle sheath chloroplasts of corn, we now estimate 

that they contain 10-15% as much system II as mesophyll chloroplasts. The 

spectrophotometric assay indicates that this may be a slight underestimation. 

Yet, the common conclusion from the various approaches, in contrast with an 

earlier conclusion of Hardt and Kok (1), is that the system II content of 

bundle sheath is distinctly lower than that of mesophyll. In the earlier 

data it seemed that the enrichment in system I in bundle sheath occurred 

at the expense of neither antenna size nor System II content. Our more 

recent data point to a constancy in the trap/chlorophyll ratio; the decreased 

number of System II traps correlates with a complementary increase in System I. 

5 



II. MASS SPECTROMETER STUDIES: MEASUREMENTS IN FLASHING LIGHT 

We earlier reported the development of a technique by which we could 

mass spectrometrically monitor the gas exchange elicited by single, short 

(~5 ysec) saturating light flashes. During the past reporting period we 

completed a manuscript, which will appear in a forthcoming issue of Bio-

chimica Biophysica Acta, describing experiments in which we used this tech

nique to study the photosystem II-mediated oxidation of hydroxylamine. A 

copy of this manuscript is enclosed; its abstract reads: 

"A mass spectrometer with a special inlet was used to 
directly monitor the products evolved when hydroxylamine-
treated chloroplasts were exposed to short saturating light 
flashes. We found that: 1) Molecular dinitrogen was the 
sole product of hydroxylamine photooxidation, and was formed 
in an amount equal to twice the 0? evolved during H2O photo-
oxidation. 2) This reaction was driven by photosystem II, 
and did not involve photosystem I-generated superoxide or 
peroxide. 3) In the presence of DCMU, N2 was evolved only 
on the first flash. These results suggested that N2 was 
formed by the combination of two single-electron oxidation 
products of hydroxylamine." 

III. SPECTROPHOTOMETRIC STUDIES 

Spectrophotometric studies during the past period were concerned mainly 

with the role of cytochrome bg in electron transport through the intersystem 

chain. We had earlier surmised that this cytochrome was involved in linear 

electron flow, from observations of its ("anomalous") kinetics and from the 

finding that plastohydroquinone oxidation leads to transmembrane proton 

translocation --an observation that made the commonly accpeted scheme of 

intersystem electron transport obsolete. The reduction of cytochrome b, 

could be understood as caused by a plastosemiquinone generated in the 
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oxidation of plastohydroquinone by oxidized'system I donor, but the mechanism 

of reoxidation of cytochrome b^ was obscure. 

The clue that finally led to a satisfactory scheme, although one of un

usual conceptual complexity, was the finding of a kinetic correlation, under 

variations of the degree of reduction of the plastoquinone pool, between the 

cytochrome b^ oxidation and the reduction of cytochrome f. This observation 

suggested similarity between the mechanism of oxidation and the mechanism of 

reduction of cytochrome b^: both would be caused by plastosemiquinone. Our 

findings and interpretation are described in a paper (enclosed) that was re

cently submitted to the Proceedings of the National Academy of Sciences. Its 

abstract reads as follows: 

"With dark-adapted chloroplasts in which the plastoquinone 
• is oxidized a partial reduction of cytochrome b_6 is obtained 
upon illumination with a pair of short saturating flashes. The 
second flash of the pair is much more effective than the first 
flash, and the reduction is inhibited by the system II inhibitor 
diuron. When the plastoquinone pool is reduced both the reduc
tion and the oxidation of cytochrome bg are accelerated. The 
cytochrome b_6 oxidation appears to proceed in association with 
the reduction of cytochrome f. On basis of these observations 
a tentative scheme is proposed that assumes that each chain 
from plastoquinone to system I consists of two parallel 
pathways that cooperate by a mechanism that involves cyto
chrome bg. The scheme also accounts for the observation 
that electron flow through plastoquinone is associated 
with the transmembrane translocation of two protons per 
transported electron." 

As described in the paper (not in the abstract) the results also imply 

that cross transfer of electrons between photosynthetic chains occurs both 

upstream (plastoquinone) and downstream from cytochrome f. We are presently 

investigating the role of plastocyanin in the downstream cross transfer. As 

earlier recognized by others, electron exchange at the two levels allows the 

plant to adapt to sunny or shade habitats by varying the number of plasto

quinone -oxidases (determining the maximal rate of electron flow through the 

chain) with respect to the number of phototraps., 
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IV. REDOX TITRATION OF THE PLASTOQUINONE POOL 

In the last reporting period, we indicated progress in our attempt to 

titrate the plastoquinone pool in an organism lacking photosystem I (Scene

desmus Mutant £8). Because fluorescence rise curves were used to measure 

the level of reduction of the plastoquinone pool (we used the halftime 

of the fluorescence rise as an indicator of the redox level of the pool), 

these techniques also enabled us to monitor and titrate the primary elec

tron acceptor, Q. A manuscript describing this work has been accepted for 

publication in Biochimica Biophysica Acta. ^|0|fcpM0M0GBtt; Ĵ ts summary 

reads: 

"The primary photochemical quencher "Q" and the secondary 
electron acceptor pool in photosystem II have been titrated ■< 
using particles of Scehedesmus mutant #8 that lack photosystem 
I. We used a method that allowed the system to equilibrate 
with external redox mediators in darkness prior to measurement 
of the fluorescence rise curve. 

The titration of Q, as indicated by the dark level of Fi, 
occurs in two discrete steps. The highpotential component 
(Qh) has a midpoint otential of +68 mV (pH 7.2) and accounts 
for ~67% of Q. The pH sensitivity of the midpoint potential 
is 60 mV, indicating the involvement of 1 H+/e. The low
potential component (Qi) accounts for the remaining 33% of Q 
and shows a midpoint potential near 300 mV (pH 7.2). 

The plastoquinone pool, assayed as the halftime of the 
fluorescence rise curve, titrates as a single component with 
a midpoint potential 3040 mV more oxidizing than that of Qh; 
i.e., at 106 mV (pH 7.2). The E^ shows a pH sensitivity of 
60 mV/pH unit, indicating the involvement of 1 H^/e. The ob
servation that all 1214 electron equivalents in the pool ti
trate as a single component indicates that the heterogeneity 
otherwise observed in the secondary acceptor system is a 
kinetic rather than a thermodynamic property. * 

Illumination causes peculiar, and as yet unclarified, changes 
of both Q and the secondary pool under anaerobic conditions that 
are reversed by oxygen." . 
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We are pursuing several intersting anomalies in the titration: a) the 

redox potential appears sensitive to the ionic strength of the medium, and 

b) under anaerobic conditions, only a small part of the pool equilibrates 

with the external redox buffers after illumination. 
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