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SUMMARY

The light-induced absorbance change centred at 518 nm (P518 response) is
20-30-fold greater in intact chloroplasts than in swollen chloroplasts. The various
characteristics of this large P518 response, including induction effects and chromatic
transients, were studied. 3-(3',4’-dichlorophenyl)-1,1-dimethylurea (DCMU) (2 uM)
strongly inhibited the response and the uncoupler, carbonyl cvanide p-trifluoro-
methoxyphenyl hvdrazone, abolished it. Other uncouplers such as NH,Cl, methyl-
amine, atebrin and nigericin were without effect. Valinomycin inhibited the response
and valinomycin in combination with NH,CI or nigericin abolished it.

In the presence of DCMU the P518 response could be restored with 2,6-di-
chlorophenolindophenol (+ ascorbate) but not with N,N N’ N'-tetramethyl-p-
phenylenediamine (+ ascorbate).

The results support a correlation between the P518 response and a membrane
potential across the functional photosynthetic membrane, which mayv be produced
bv two mechanisms, one fast and one slow. It is suggested that an oxidation-reduction
loop between the two photosystems, forms a significant component of the slower
mechanism.

INTRODUCTION

Large light-induced spectral shifts in the region 515-525 nm, which have
variously been attributed to carotenoids, chlorophyll &, quinones, efc., have been
described frequently in many types of photosynthetic organisms ever since the first
observations by Duysens'. Recently there has been growing interest in the relation-
ship of these shifts to the energised state of the photosynthetic apparatus®-*. JUNGE
AND WITT? claimed that the P518 response (i.c. an absorbance increase with a peak
at 518 nm (ref. 6) in chloroplasts is related to the potential difference across the

Abbreviations: MES, 2-(N-morpholino)ethane sulphonic acid; HEPES, N-2-hydroxyvethyl-
piperazine-N-ethane sulphonic acid; DCMU, 3-(3",4"-dichlorophenyl)-1,1-dimethylurea; IFCCP,
carbonyl cyanide p-trifluoromethoxyphenyl hydrazone; diquat, 1,1’-ethylene-2,2"-bipyridylium
dibromide; DCIP, 2,6-dichlorophenolindophenol; TMPD, N N N’ N'-tetramethvl-p-phenvienc-
diamine; HOQNO, 2-heptyl-4-hydroxyquinoline-N-oxide.

* Present address : Plant Physiology Unit, School of Biological Sciences, University of Svdney,
Sydney, N.5.W, 2006, Australia.
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P518 RESPONSES IN INTACT CHLOROPLASTS 397

functional photosynthetic membrane, and Jacksox axp Crorrs? have presented
evidence to support a direct correlation between the carotenoid signal in chromato-
phores of Rhodopseudomonas spherordes and the membrane potential which was
estimated by other means.

One of the great difficulties with work on chloroplasts or even subchloroplast
particles is the great variability of the P518 response induced by light. In the present
investigation we have used intact chloroplasts which we have found to show very
large and constant P518 responses induced by light. It is possible with such chloro-
plasts to show that the P518 response is susceptible to uncoupling combinations of
nigericin and valinomycin in much the same way as in chromatophores. In addition,
by the use of other inhibitors and of electron donor couples, it has been possible to
define more precisely the sites on the photosynthetic electron-transport chain where
the response is generated.

MATERIALS AND METHODS

The material and methods used in the present investigation were exactly as
previously described for work on cytochrome f absorbance changes?. The following
is a brief description of the techniques. Chloroplasts were isolated from pea leaves
obtained from 10 to 14 days cultured plants. The isolation of intact chloroplasts
involved the isolation of high-salt chloroplasts by a modification of the method of
Harvey AaxD BrowN® employing a sucrose density centrifugation and an isolation
medium of 330 mM sorbitol, 5 mM MgCl,, 1 mM Na,P,0;, T mM ascorbic acid, 1o mM
morpholinopropane sulphonic acid buffer (pH 6.5) and o.01 ¢ bovine serum albumin
(Grade A). The final precipitate of chloroplasts was taken up in the reaction medium
of 330 mM sorbitol, 1o mM N-z-hydroxyethylpiperazine-N-ethane sulphonic acid
(HEPES) (pH 7.5, adjusted with KOH) and o0.01 ¢, bovine serum albumin. These
chloroplasts were of the Class I type with outer membranes intact. High-salt chloro-
plasts were obtained by adding a denser sucrose layer (1.5 M) to the gradient, re-
moving the chloroplasts from the interface after centrifugation and suspending them
in a hyperosmolar solution at approx. 0.8 M sorbitol and 10 mM HEPES (pH 7.5).

Light-induced absorbance changes were recorded in a dual-wavelength differ-
ence spectrophotometer with access to the chloroplast suspension from the side for
illumination with actinic light. The T cm % 1 cm cuvette was kept routinely at a
constant temperature of 10" in orde1 to preserve the chloroplasts intact for longer
periods; comparative tests at 25° showed no qualitatively different responses.
Actinic illumination at the wavelengths 680 and 720 nm was obtained using Baird
Atomic interference filters with a g5 °; transmission between + 5 nm. The light in-
tensity at the cuvette was 4-10% ergs/cm? per sec at 680 nm and z-10? ergs/cm? per
sec at 720 nm. A glass filter (Corning CS 4-96) screened the photomultiplier from
actinic light. Rapid responses were recorded with a Tetronix storage oscilloscope
with a Polaroid camera attachment.

Biochemicals were of the highest purity obtainable from Calbiochem Co., Los
Angeles, Calif. Carbonyl cyanide p-trifluoromethoxyphenyl hydrazone (FCCP) and
diquat were gifts of Dr. P. G. Hevtler, Dupont Nemours Co., Experimental Field
Station, Wilmington, Dela., U.S.A. Nigericin and valinomvcin were gifts of Dr. B. C.
Pressman.
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398 A. W, D. LARKUM, W. D. BONXNER
RESULTS

The pattern and kinetics of the P518 response

The form of the light-induced P518 1esponse in high-salt chloroplasts?, intact
chloroplasts and swollen chloroplasts is shown in Fig. 1. Red actinic light (680 nm)
was used to stimulate both Photosystems I and II and far-red light (720 nm) to
stimulate Photosystem I (refs. 7, g, 10), although it is probable that at the high in-
tensity used some turnover of Photosystem I also took place”. In intact chloroplasts
the steady-state response was zo-30-fold greater than in swollen chloroplasts. The
initial rapid phase of the response had a maximum half-rise time of 150-200 msec
{Table I) but this rate may well have been instrument-limited (¢f. 15 msec for bacterial
chromatophores under continuous illumination!!). The fall to a steady-state level had
a half-time of 5~15 sec dependent upon light intensity (Fig. 3).

As shown in Fig. 2 the P518 response was centred broadly at 518 nm in intact
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I"ig. 1. The light-induced 1’518 response in high-salt (A}, Class [ (B) and swollen Class 11 (C)
chloroplasts from pea leaves. The chlorophyll concentrations were (pug/ml): A, 110; B, to; C, go.
Actinic light intensities: 680 nm, 4-10? ergsfcm? per sec; 720 nm, 2-10* ergsfem? per scc. Tem-
perature, 10°. Chloroplasts for (C) swollen in 10 mM morpholinopropane sulphonic acid buffer
{pH 7.2) and resuspended in 0.3 M sorbitol solution ~ 20 mM NaCl.
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IFig. 2. The light minus dark difference spectrum of the light-induced P518 response to red light

(680 nm, < -0O) and to far-red light (720 nm, m—®) in Class I chloroplasts. Chlorophyll concen-
tration, 71 pg/ml. Other conditions were as in Fig. 1.
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P518 RESPONSES IN INTACT CHLOROPLASTS 399

chloroplasts and as shown in Fig. 3 and Table T it was at or near to light-saturation
at the highest light intensities (the intensities routinely used). The most marked
effect of increasing light intensity was on the initial spike, which was both increased
in extent and rate of decay.
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IYig. 3. The effect of light intensity on the light-induced P518 response in Class | chloroplasts.

Light intensities (percentage of maximum illumination, which was as given in Fig. 1): A, 2.5;

B, 10; C, 25; D, 50; K, 1oo0. Chlorophyll concentration, 49 ug/ml. Temperature, 10",

TABLE I

THE RELATIONSHIP OF LIGHT INTENSITY TO THE HALF-TIME OF THE P5I8 RESPONSE INDUCED BY
RED LIGHT (680 nm) AND FAR-RED LIGHT (720 nm) IN CLASS | CHLOROPLASTS

The half-times (sec) of the light “on’” and the light “off”" responses are shown. Half-times are
also given for a trcatment with valinomycin (0.3 pg/ml) at the highest light intensity. Chlorophyll
concentration, 48 ug/ml. Temperature, 10°. The light intensity was varied using Kodak Wratten
neutral density filters. Maximum light intensities were: 680 nm, 4-10% crgs/cm? per sec; 720 nm,
z-10% ergs/em? per sec.

Light intensity Half-time (sec)

(9% of mav.)

Far-ved light Red light

on off on off
2.5 5.0 10.0 1.0 5.0
10.0 1.0 6.0 0.5 3.0
25.0 0.5 4.0 0.25 2.0
530.0 0.4 3.c 0.20 2.0
100.0 0.2 2.0 0.15 L5
Valinomycin 1.7 40.0 0.4 10.0
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400 A. W. D. LARKUM, W. D. BONNER

The typical P518 response could become modified by certain induction effects,
as shown in Fig. 4 (¢f. ref. g). Such effects were accentuated in slightly uncoupled
chloroplasts and in aged or poor preparations (of which the preparation used for
Fig. 4 was probably an example since the far-red light response was comparatively
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I'ig. 4. Induction and chromatic transient cffects in the light-induced P518 response in Class |
chloroplasts. Chlorophyll concentration, 40 pg/ml. Other conditions as in Fig. 1.

so small). As shown, the spike of the far-red response could be elicited only in the
first 2 min or so of darkness following red illumination, during which time there
was a small absorbance increase. In contrast the spike of the red response required
about 1 min of darkness for complete regeneration (cf. refs. 12 and 13).
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I'ig. 5. The relationship of spike height (S) induced by red light (680 nm) to time of pre-illumination
in far-red light (720 nm) for the P518 response in intact chloroplasts. The spike height (S) was
measured against the final steady level in red light. The value of Syux minus S is plotted on
a logarithmic scale against time, 2. Spax = 7.2: 107 44. Experimental conditions as in Fig. 2.
Chlorophyll cencentration, 57 pg/ml.
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P518 RESPONSES IN INTACT CHLOROPLASTS 401

Chromatic transients of the type tirst observed by BrLinks!! were observed
for the P518 response (Fig. 4). Following the change from red to far-red light an
initial phase of rapid decay (half-time < 1 sec) was followed by a slower phase (half-
time about 15 sec) of either a further fall or a rise in absorbance depending upon the
steady-state level of the far-red response. After the onset of this second phase it
was possible to elicit a spike of increased absorbance on changing back to red light
(Fig. 4). This spike had a generation half-time of about 17 sec (Fig. 5) matching
that of the slower phase itself; this is comparable with the half-times of other tran-
sients!®. Transients were not found with artificial electron donor systems (of the
type described later) with Photosystem II blocked by 3-(3',4’-dichlorophenyl)-1,1-
dimethylurea (DCMU).

The effect of photosynthetic inhibitors and cations

Only inhibitors of non-cyclic electron transport were found to have a marked
effect on the P518 response. DCMU (2 uM) abolished the response in swollen chloro-
plasts (Fig. 6B) and strongly inhibited it in intact chloroplasts (IFig. 6A). The effect
of DCMU was much less in high-salt chloroplasts (not shown), suggesting the presence
of a larger component of cyclic electron flow. Inhibitors of b-type cytochromes,
antimycin A (up to 15 wg/ml) and 2-heptyl-4-hydroxyquinoline-N-oxide (HOQNO)
{up to zo uM), had little effect except at high concentrations, where at least anti-
mycin A probably promoted uncoupling'®. (N.B. Fig. 6 is a composite of severa
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Iig. 0. The cffect of various inhibitors on the light-induced P518 response in intact and swollen
chloroplasts. A, DCMU (2 uM), intact; B, DCMU (2 uM), swollen; C, phenylmercuric acetate
(50 g¢M), intact; D, phlorizin (1 mM), intact; E, Dio-g (15 ug/ml), intact; F, antimycin A (15 ug/ml),
intact; G, high-salt medium (see ref. 7), intact; H, a typical control response, intact chloroplasts.
Experimental conditions as in Fig. 2. Chlorophyll concentrations (pg/ml): A, 60.5; B, 71.0; C, 635.5;
D, 71.0; K, 68.0; IF, 45.0; G, go.0; H, 6o.5.
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402 A. W. D. LARKUM, W. D. BONNER

experiments and the control treatment shown is not from the antimycin A ex-
periment.) Both inhibitors abolished the DCMU-resistant response in intact chloro-
plasts, indicating a contribution from a small component of cyclic electron transport.
This supports the view that both photosystems may contribute to the
responsel?, 13,179,185 Tt is not clear, however, why the DCMU-resistant response was
so much greater in red light.

Phenylmercuric acetate, which has recently been postulated to inhibit a
second cycle of electron transport around Photosystem I (ref. 1g), had little effect
up to 50 uM (Fig. 6, control shown not comparable); above this concentration
swelling effects occurred. The energy-transfer inhibitors, Dio-g and phlorizin, also
had no great effect (Fig. 6D and E, control not comparable), as would be expected
if the P518 response is related to the high-energy state (see INTRODUCTION). However,
the initial spike of the response was inhibited and this effect remains unexplained.

Certain cations, such as Nat (> 5 mM), Ca** (> 50 mM) and Mg?*+ (> 50 mM)
were found to severelv inhibit the steady-state response in intact chloroplasts, a
phenomenon which seems to be linked to their effect on cytochrome f photooxidation’
The effect may be related to light-induced swelling but a similar phenomenon has
recently been noted in already-swollen chloroplasts?.

The effect of uncouplers

The effect of FCCP at 1 and 5 uM on the pattern of the P518 response in intact
chloroplasts is shown in Fig. 7, and the effects of increasing concentration of FCCP
on the steady-state response and the decay rate in the dark are shown in Fig. 8.
The strong inhibitory effect of FCCP is in accord with an effect on a high-energy
state (or intermediate) but the negative-absorbance response above about 0.5 uM
was unexpected and is discussed later. The dark decay rate was increased about
10-fold by 1 uM FCCP (¢f. ref. 21) and the decay rate of the spike was similarly in-
creased. However, the “light-on” rate was unaffected.

The nitrogen base group of uncouplers—NH,Cl, methylammonium chloride
and atebrin—had little effect (c.g. Fig. gE) on the response in intact chloroplasts
(cf. ref. 21 swollen chloroplasts). Such a lack of effect is predictable from the chemi-
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[Fig. 7. The effect of IFCCP on the light-induced P518 response in intact chloroplasts. Experimental
conditions as in Fig. 2. Chlorophyll concentration, 70 ug/ml.
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P518 RESPONSES 1IN INTACT CHLOROPLASTS 403
osmotic hypothesis of MiTcHELL?! if it is assumed that in intact chloroplasts phos-
phorvlation is driven by a membrane potential component (AE) as well as a pH
gradient2%:22. Furthermore, the complete lack of effect of these uncouplers supports
the proposal of JUNGE axD WITT? and JacksoN aND Crorts? that the P518 response
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Fig. 8. The relationship of (a) the extent of light-induced P3518 response, and (b) the half-time (fo,)
of the "off” response to FCCP concentration in Class 1 chloroplasts. Experimental conditions as
in Fig. 2. Chlorophyll concentration, 70 ug/ml. Datum from the same experiment as Fig. 7.
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Fig. 9. The effect of DCMU and uncoupling agents on the light-induced P518 response in Class I
chloroplasts. A, control; B, DCMU (2 uM); C, nigericin (0.3 gg/ml); D, valinomycin (0.3 ug/ml);
E, NH,Cl (20 mM); F, valinomycin (0.3 ug/ml) + DCMU (2 uM); G, valinomycin (0.3 ug/ml)
-+ mnigericin (0.3 pug/ml); H, valinomycin (0.3 pg/ml) + NH,CI (2 mM). Experimental conditions
as in I'ig. 1. Chlorophyll concentrations (ug/ml): A-D, I, G, 51.2; E, H, 58.0.
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404 A, W. D. LARKUM, W. D, BONNER

(and the related response in chromatophores)is an indicator of AL itself This hypo-
thesis was tested further by the use of ion-transport antibiotics.

The effect of ton transporting antibiotics

Nigericin, at concentrations which have been shown to uncouple swollen
chloroplasts®, was without any inhibitory effect (in the presence of external K+)
on the P518 response of intact chloroplasts (Fig. gC). Since there is good evidence
that nigericin causes an electrically neutral (or near neutral) exchange of H+ for K~
(or to a lesser extent Na+) across biological membranes?.2, this agent would be
expected to act like the nitrogen base uncouplers in dissipating a pH gradient. The
complete resistance of the response therefore supports a relationship with 1L,

The effect of valinomyecin is shown in Fig. gD; the rapid response was com-
pletely inhibited and there remained only a slow response with a diminished steady-
state. Since valinomycin increases the permeability of biological membranes to K+
ions? and since high-salt and, to a lesser extent, intact chloroplasts have large
amounts of internal K+, the depolarisation of the membrane potential would be
expected and accords with the strong inhibition of the P518 responsc. The slow
response remaining would be the result of a light-driven proton pump contributing
to the AE term (see DISCUSSION), in agreement with its complete inhibition by the
nigericin (Fig. 9G). Likewise, valinomycin and NH,Cl have the same effect (Fig. gH).
Valinomycin also inhibited the DCMU-resistant response (Fig gI) whereas nigericin
did not (not shown); this may imply a different type of generation mechanism,
perhaps by the AL mechanism discussed later.
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Iig. 10. The effect of an artificial electron donor system (IDDCIP + ascorbate) and an artificial
electron acceptor (diquat) in the presence or absence of DCMU and FCCP on the light-induced
518 response in Class T chloroplasts. Concentrations (uM): DCIP, roo; diquat, 10; I'CCP, 2;
DCMU, 2. DCIP was accompanied with 2 mM ascorbate (potassium salt). Experimental conditions
as in Fig. 1. Chlorophyll concentrations (ug/ml): A, C-G, 57.0; B, 55.0; H, 75.1.
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The cffect of artificial electron donor systems

Following inhibition by DCMU, the P518 response can be restored by the
reducing couple of DCIP (10-x00 uM) and ascorbate (2 mM) as shown in Fig. 10B.
In contrast, the addition of TMPD (at low concentrations viz 30 uM) and ascorbate
led not only to the complete inhibition of the steady-state response but also to the
appearance of a large negative response (Fig. 11C). The P518 response with the
DCIP system was inhibited by FCCP (Fig. 10D) or nigericin plus valinomyecin, giving
rise to large negative responses than those with the TMPD system. The use of diquat
in these experiments was necessitated by the inhibition by FCCP of electron flow in
intact chloroplasts!?.18, probably by an effect on a non-cyclic or pseudocyclic system.
Under these conditions, diquat stimulates a pseudocyclic electron flow!. In the
absence of FCCP, diquat had only a small inhibitory effect (Fig. 10C}), and only in the
presence of FCCP did the P518 response give way to the negative response. In com-
parison, FCCP and diquat had little effect on the TMPD system other than on
inhibition by FCCP of the transient positive responses (Figs. 11E and 11F).
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I'tg. 11. The effect of an artificial electron donor system (TMPD -+ ascorbate) and an artificial
clectron acceptor (diquat) in the presence or absence of DCMU and IFCCP on the light-induced
I’518 response in Class I chloroplasts. Concentrations (uM): TMPD, 30; diquat, ro; FCCP, 2
DCMU, 2. TMPD was accompanied with 2 mM ascorbate (potassium salt). Experimental con-
ditions as in I'ig. 1. Chlorophyll concentrations {pg/ml): A, B, 44; C, 51; D-F, 55.

DISCUSSION

The nature of the P518 response

The present results accord with the hypothesis that the light-induced P518
response is a manifestation of changes in membrane potential across the functional
photosynthetic membrane*.3. The possible explanations for such an electrochromic
relationship have recently been discussed by Jacksox anD Crorrs!l. Accordingly,
the light-induced membrane potential in intact chloroplasts, 7.¢. chloroplasts retaining
the stroma phase and outer membranes, would be 20-30-fold greater than in swollen
chloroplasts. However, this evidence relates to the steady P518 response.

Biochim. Biophvys. Acta, 256 (1972) 396—408



406 A, W. D. LARKUM, W. D. BONNIER

Evidence from rapid responses of P518,and related responses, to laser pulsesi-6,30
suggests that these are too rapid to be generated by a conventional electron transport
process! on which the arguments for the electrochromic relationship of the steady-
state responses are based. The evidence of the fast responses suggests, rather, that a
field is generated by charge separation between reaction centres of the photosystems
and primary acceptors? 311, This is further supported by the insensitivity of the laser-
induced “on” response to electron transport inhibitors® and uncouplers (unpublished
results) (cf. ref. 20 for xenon flash results) and other arguments?!.

Thus, according to the electrochromic hypothesis, it must be considered that a
fast and a slower electrogenic mechanism contribute to the P518 response. In intact
chloroplasts under continuous illumination it is probable that the slower mechanism
makes the major contribution, even to the initial rapid response since these are
eliminated by valinomycin and FCCP. We assume that the slower electrogenic
mechanism is linked to the light-driven proton pump?!.32, generated by an oxidation—
reduction loop of the electron transport chain as proposed by MitcHELL22 Thus the
difference between the initial change and the final steady-state response could result
from secondary ionic readjustments through the reversible ATPase and ion-exchange
systems?2.

The existence of two electrogenic mechanisms contributing to the P518 response
would provide an explanation for the previously puzzling results concerning the
contributions of Photosystems I and IT (refs. 1o, 13, 17, 18). It would also mean a
reappraisal of previous work where conclusions have been drawn from comparisons
of the fast response and steady-state phosphorylation rates?.

According to the hypothesis of MiTcHELL?, the driving force on phosphoryla-
tion is the electrochemical potential difference for H+ (Aug+) across the functional
membrane, which will have terms for the membrane potential set up by the fast
electrogenic mechanism (AL), and the membrane potential (AF) and pH differential
(ApH) set up more slowly by the proton pump. Initially then, Aug+ = RTApH L
sFALy + 2I'AE (where the symbols R, 7', z and [ have their usual meaning). How-
ever, in chloroplasts two other events, at least, seem likely to alter these terms: (i) an
electrically neutral exchange of H+ for K+ leading to a decrease in the ApH term
(ApH,), (ii) a depolarisation of the membrane potential by electrophoretic movement
of Cl- and other anions with the result that in the extreme Apy+ = RTApH,. Such
a treatment is probably a gross oversimplification because it neglects, for example,
contributions due to the passive permeability of the membrane to various ions (see,
for example, the equation of GoLpMAN®). Nevertheless it is a useful model and is a
logical development of earlier proposals by WiTT and co-workers?. 5.

In terms of the above treatment swollen chloroplasts with their small P518
responses may be regarded as having a relatively high permeability to Cl- (refs. 34, 35)
resulting mainly in the ApH term (i.e. Aun: = RT pH;). Intact chloroplasts (and
chromatophores?, and to some extent subchloroplast particles®), having large P518
and related responses, may be regarded as having the membrane potential terms as
well. Therefore, nigericin (in the presence of K+) and the nitrogen base uncouplers
which dissipate ApH (refs. 26, 37) and are therefore strong uncouplers in swollen
chloroplasts would only partially inhibit phosphorylation in intact chloroplasts and
would not affect the P518 response. In the special case recently put forward for an
ammonium salt with an impermeant anion® in swollen chloroplasts, it would be
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P318 RESPONSES IN INTACT CHLOROPLASTS 107

predicted that uncoupling would occur together with a small P518 response, but
swelling would be prevented. Valinomycin, while having no effect on phosphorylation
in swollen chloroplasts®, should have a pronounced inhibitory effect in intact chloro-
plasts, since from the P518 results it would seem that the AL terms make a large
contribution towards Aup-. However, inhibition will be largely dependent upon the
levels of internal and external K+ and the permeability properties of the functional
membrane. Furthermore, the demonstration of phosphorylation in intact chloro-
plasts will be difficult due to (i) the controlled permeability of the outer membranes
to ATP® and (ii) the high turnover of ATP due to CO, fixation?0.

FCCP presumably dissipates Aji,, completely by increasing the proton
permeability of the membrane?? .42 and NH,CI plus valinomycin, or nigericin plus
valinomycin, in the presence of K+, would similarly dissipate Ay, .

The electron donor systems

The present results provide further support for the interaction of DCIP-
ascorbate before a coupling site on an intermediate pathway between the two photo-
systems?. 43,4 According to the treatment outlined above, the coupling site would
consist of an oxidation-reduction loop generating a proton pump and evidence
elsewhere? would locate cytochrome f on this loop. Under these circumstances, the
P518 response would be dependent upon AE, (and whatever component of A/ re-
mained after DCMU treatment) and would be inhibited by FCCP, nigericin plus
valinomycin, efc. The interaction of TMPD-ascorbate (at low concentration of
TMPD#) after cytochrome f and the coupling site?.%.47 is supported by the absence
of a P518 response with this couple.

As indicated by the effects of electron transport inhibitors (Fig. 6), it seems
likely that, in the absence of the DCIP couple, a similar coupling site contributes
predominantly to the P518 response in intact chloroplasts.

The large negative absorbance changes observed with both donor couples
under some conditions may be related to P518. Similar negative absorbance changes
have been induced in spinach chloroplasts (G. P. STRICHARTZ, personal communica-
tion) and chromatophores?* in the dark by KOH pulses. It is therefore possible that
the responses result from charge transfer in the opposite direction to normal*’. The
smaller negative responses induced by high concentration of FCCP and uncoupling
combinations of nigericin plus valinomyvcin, efc., may have a similar explanation.

The chromatic transient response

According to the electrochromic explanation of P518, the transients reflect
changes in membrane potential and since it is unlikely that pools of electron transport
intermediates would change so rapidly at the changeover from red to far-red light,
or vice-versa, it seems probable that AE. js affected, perhaps by a change in the quan-
tum efficiency of the two photosystems?5. The slower changes could more easilyv be
accounted for by changes in an intermediate pool, perhaps of the reducing pool, R,
previously predicted”. Changes in pools of intermediates could alsc account for some
of the induction phenomena.

Biochim. Biophys. Acta, 256 (1972) 390—408



408 A. W. D. LARKUM, W. D. BONNER

ACKNOWLEDGEMENTS

One of us (A.W.D.L.) gratefully acknowledges a post-doctoral training award

from the Johnson Research Foundation, University of Pennsylvania. This work was
supported by grants from the Atomic Energy Commission (U.S.) and the National
Science Foundation (U.S.). We are grateful for helpful discussions with Professor

N.

A. Walker, Dr. A. R. Crofts and Dr. W. J. Cram.

REFERENCES

16

13
19

21
22
>
24
>
26
5=
28
29
3()

34

L. N. M. DuvyseNs, Science, 120 (1954) 353.

H. T. WrtT, Nobel Symp. 17, Interscience, New York, 1967, p. 261.
D. E. IFLeiscuamaN anDp R, K. CLayTtoN, Photockem. Photobiol., 8 (1968) 287.

J. B. Jackson anD A. R. CroFrs, FEBS [Lett., 4 (1969) 185.

W. Juxce aNnp H. T. WrtT, Z. Naturforsch., 23 (1968) 244.

B. Crance, T. Kigara, D. De VavLr, W. HiLprReETH, M. NisHIMURA AND T. Hivama, in
H. METzZNER, Progress in Photosynthesis Research, Vol. 3, Tiibingen, 1969, 1321.

A. W. D. LarguMm anD W. D. BONNER, Biockim. Biophys. Acta, 256 (1972) 385.
M. J. HarvEY aND A. P. BRowN, Biochim. Biophys. Acta, 172 (1969) 116.

M. AvroN aND B. CHANCE, Brookhaven Symp. Biol., 19 (1667) 1409.

N.-H. Crua aNp R. P. LEVINE, Plant Physiol., 44 (1969) 1.
B. C. JacksoN aNDp A. R. Cro¥rs, Eur. J. Biochem., 18 (1971) 20.
D. C. Forxk aND Y. DE KoucHovSKY, Photochem. Photobiol., 5 (1966) 60g.

D. C. Forxk, in H. METZNER, Progress in Photosynthesis Research, Vol. 2, Tiibingen, 1969, p. 800.
L. R. BLinks, Plant Physiol., 34 (1959) 200.

N. Murata, Biochim. Biophys. Acta, 172 (19g69) 242.

N. NELsoN, Z. DRECHSLER AND J. NEUMANN, [. Biol. Chem., 245 (1970) 143.

D. RUBINSTEIN, Biochim. Biophys. Acta, 109 (1905) 41.

L. H. Pratt axp N. I. Bisuop, Biochim. Biophys. Acta, 162 (1968) 309.

T. Hivansa, M. NisumMura anD B. C. CHANCE, Plant Physiol., 46 (1970) 103.
J. Nevaraxy, B. Ke anp R. A, DiLLEY, Plant Physiol., 16 (1970) 86.

G. Hinp, Photochem. Photobiol., 7 (1968) 369.

P. MITCHELL, Biol. Rev., 41 (1966) 445.
R. 2. McCarTy, /. Biol. Chem., 244 (1908) 4292,

N. SHAVIT axD A. San PIETRO, Biochem. Biophys. Res. Commun., 23 (1907) 277.
P. J. . HENDERSON, J. D. McGIVEN anp J. B. CHAPPELL, Biockem. [., 111 (1969) 321I.
J. B. Jacksox, A. R. CRoFTs axND L.-V. Vo~ STEDINGK, Lur. J. Riochem., 6 (1968) 41.

A, WL D LarkuM anDp W. D. BoNNER, in preparation.
A. W. D. Larxkum anp W. D. BoNNER, Biochim. Biophys. Acta, submitted.

(. ZWEIG, N. SHAVIT AND M. AVvRON, Biochim. Biophys. Acta, 109 (1968) 332.
W. W. HiLpDRETH, M. Avron axp B. C. CHaNcE, Plant Physiol., 41 (1966) 983.

A, T. JAGENDORF AND E. URIBE, Brookhaven Symp. Biol., 19 (1967) 215.

L. Packer, S. MURAKAMI AND C. W. MEHARD, Annu. Rev. Plant Physiol., 21 {1970) 271.
D. . GoLpMaN, J. Gen. Physiol., 27 (1943) 37.

D. DEAMER AND L. PACKER, Biochim. Biophys. Acta, 172 (1969) 539.

S. SCHULDINER AND M. Avron, Fur. J. Biochem., 19 (1971) 227.
G. A Havska, R, K. McCarry axp J. 8. Ouson, FIZBS Lett., 7 (1970) 151.

A. R. CroFrs, J. Biol, Chem., 242 (1967) 3352.

M. AvrRox anND N. Suavit, Biochim. Biophys. Acta, 109 {1963) 317.

U. HEsEr anDp K. A, SanTarius, Z. Naturforsch., 25b (1970} 718,

D. A. WaLkER AND R. HiLL, Biochim. Biophys. Acta, 131 (1967) 330.

E. A. LiEBErMAN AND V. P. ToraLy, Biochim. Biophys. Acta, 163 (1968) 125.

U. HorFEr, A. L. LEHNINGER AND T. E. THOMPSON, Proc. Natl. Acad. Sci. U.S., 59 (1908) 4806.
A. TrREBST aND L. PrsTor1us, Z. Naturforsch., 20b (1905) 143.

I, YamasHiTA AND W. L. BUTLER, Plant Physiol., 43 (1068) 1678

M. ScuwartTz, Blochim. Biophvs. Acta, 112 (1060) 204.
L. P. VErNoN, E. R. SHAW aND D. LimBacH, in J. B. THoMAs anD J. C. GOEDHEER, Curvent:
in Photosvnthesis, A. D. Donker, Rotterdam, 1966, p. 121.

2 A. TrEBST, 2. P1sTor1US AND 1. ELSTNER, in J. B. THOMAS axD J. C. GOEDHEER, Currents in

Photosyuthesis, A, D. Donker, Rotterdam, 1966, p. 409.

Riochinm. Biophys. Acta, 256 (1g72) 396—408



