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Abstract

The effects of uncouplers of photophosphorylation and of the cofactor (PMS) of system I mediated
cyclic reaction on the fast chlorophyll @ (Chl a) fluorescence transient, on the fluorescence yield
(p,) and on the emission characteristics of Chl a fluorescence of intact algal cells have been analy-
zed. Proton permeating uncouplers like FCCP and DNP were found to have multiple modes of
action. At relatively low concentrations, they seem to inhibit a recombination between the oxidized
donor and the reduced acceptor of photosystem II as well as hasten the rate of electron flow. These
agents, at relatively high concentrations, quench the Chl « fluorescence even in the presence of
dichlorophenyl dimethyl urea (DCMU), a potent inhibitor of photosynthesis. This decrease in
the yield of Chl a fluorescence also causes an increase in the ratio of system 1 (long wavelength)
to system 2 (short wavelength) emission bands. Such a spectral shift is also shown to occur during
the slow decline (P.S) of fluorescence yield during fluorescence transient and is interpreted to be
due to a shift in the extent of energy transfer in favor of weakly fluorescent photosystem 1. Phena-
zine methosulfate (PMS)-induced cyclic electron flow also causes a slow decline in the yield of
fluorescence in intact algal cells in the presence of DCMU. As in the case of isolated chloroplasts
this reversible decline of fluorescence yield is suppressed by uncouplers. The emission character-
istics of Chl a fluorescence at 77 K is not altered by PMS. It appears that cyclic cofactors like PMS
increase the rate of loss of excitation as heat. Finally, it is suggested that some specific alteration
in the orientation of the membranes containing the two photosystems governs the yield and emis-
sion by way of a controlled distribution of absorbed quanta.
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PMS AND UNCOUPLER EFFECTS ON FLUORESCENCE

Two types of chlorophyll a (Chl a)* fluorescence yield changes have been observed in intact algal
cells: one reflects the redox state of the primary** acceptor of photosystem II, Q (the quencher of
Chl g fluorescence), the other not. The latter type of yield changes are usually manifested as slow
or long-term changes.

Dark adapted algal cells exhibit a rapid transient of Chl a fluorescence; the characteristic points
in the transient are a base level O, an intermediate level, [, a dip D and then a rise to a peak level P

- (see GovinDIEE and PAPAGEORGIOU 1971). The OIDP transient is usually explained by the reduc-

tion of the primary electron acceptor Q to QH which in its reduced state does not quench chloro-
phyll fluorescence (DUYSENS and SWEERS 1963). From P, the fluorescence yield declines to a quasi
steady state .S and then rises to a second peak level M. After M, the yield gradually declines to
a terminal 7 level. (See BANNISTER and RIcE 1968, VREDENBERG 1970 and GoviNDIEE and PAPA-
GEORGIOU 1971 for different nomenclature of these points in the transient.) DUyYseNs and SWEERS
(1963) demonstrated that PS decline does not correspond to the oxidation of QH. Parallel studies
of Chl a fluorescence and O, evolution very clearly indicate that the SMT type change in fluores-
cence is not directly linked to electron flow in photosynthesis (BANNISTER and RIce 1968; Para-
GEORGIOU and GoviNDIEE 1968a, b; MOHANTY ef al. 1971) and the redox state of Q (MoHANTY
et al. 1970). PAPAGEORGIOU and GovINDJEE (1968a, b) established an indirect correlation between
the energy conservation and the slow SMT yield changes in algae and suggested that alteration
of the thylakoid structure regulates the yield of Chl a fluorescence. BONAVENTURA and MYERS
(1969) and MURATA (1969a, 1970, 1971) proposed a change in the excitation energy transfer
between the two photosystems that, in turn, regulates the slow fluorescence yield changes. In
“state 1> more of the absorbed quanta are available to strongly fluorescent pigment system 2
than in ““state 2. Extending this hypothesis, DuyseNs (1972) discussed the possibility of the mo-
vement of the two pigment systems closer to and away from each other causing the transition
of “state 1 to “‘state 2”° and state 2 to state 1, respectively. VREDENBERG (1970) suggested that such
state transitions are induced by intercellular flow of ions or protons.

PAPAGEORGIOU and GoviNDIEE (1968a, b) have shown that slow fluorescence yield changes are

. susceptible to uncouplers like FCCP and atebrin. Earlier BANNISTER (1967) reported that FCCP

can quench the Chl g fluorescence yield of intact algal cells in the presence of DCMU, a potent
inhibitor of photosynthesis. Recently HoMANN (1971) and KiMiMURA et al. (1971) have investi-
gated the effect of the uncoupler CCCP on the electron transport and Chl « fluorescence of iso-
lated broken chloroplasts. Similarly, it has been shown that cyclic electron transport mediators
(e.g., PMS or DAD) can quench the Chl a fluorescence yield of isolated chloroplasts in the presence
of DCMU (GoviNDpIEE and YANG in GOVINDJEE ef al. 1967; MURATA and SUGAHARA 1969;
WRrAIGHT and CrorTs 1970; MOHANTY ef al., unpublished). However, the effect of uncouplers of
photophosphorylation and the cyclic electron transport cofactor on the Chl @ fluorescence yield,
particularly on the DPS transient in intact algae have not been well documented. Also, the quen-
ching of Chl a fluorescence of DCMU-poisoned algal cells by cofactors like PMS has not been well

* Abbreviations: Chl a, chlorophyll a; CCCP, carbonyl cyanide m-chlorophenyl hydrazone; DAD,
diaminodurene; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; DNP, dinitrophenol; DPIP,
2,6-dichlorophenol indophenol; FCCP, carbonyl cyanide p-trifluoromethoxyphenyl hydrazone;
PMS, phenazine methosulfate.

#* Recently MAUZERALL (1972) has challenged the view that “Q” is the primary electron acceptor
of photosystem II because fluorescence rise is t00 slow (#1,,, 3 ps) when Chlorella is irradiated
with ns flashes. BUTLER (1972) has, however, suggested that this may be so because chlorophyll
fluorescence yield rise is governed also by the dark reduction of the primary electron donor
of photosystem II, only Z.Q~ being the high fluorescent state. (One could also suggest that
the cause of the slow rise of chlorophyll fluorescence, observed by MAUZERALL, is that reduc-
tion of a chlorophyll molecule in the reaction center II is a primary event, Q being reduced
with a slight delay.)
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characterized. We have, therefore, studied the effect of this cyclic electron transport cofactor
(PMS) and the uncouplers of phosphorylation (FCCP and DNP) on the Chl g fluorescence yield
and emission characteristics of intact algal cells both in the presence and the absence of DCMU
and have compared the role of these two types of chemicals in modifying the Chl a fluorescence
yield in vivo.

MATERIALS AND METHODS

The cells of the green alga Chlorella pyrenoidosa CHick. and the red alga Porphyridium cruentum
NAG. were used. Occasionally, a blue-green alga Anacystis nidulans or the acidophilic alga
Cyanidium caldarium was used. These cells were grown autotrophically in continuous culture as
outlined earlier (GovinDIee and RasmnowriTca 1960). Low irradiance cells were cultivated at
3 Wm™ 2, high irradiance cells at 8 W m ™ 2. Five tosix day old cells were harvested, washed, and
then suspended in a buffer or in fresh growth medium. All additions were made in dark and the sam-
ples were allowed to equilibrate for 5— 10 min before use.

The details of the spectrofluorometer (GOVINDIEE 1966; SHIMONY ef al. 1967: MOHANTY ef al.
1972), the procedures for measuring fast and slow fluorescence transient (PAPAGEORGIOU and
GOVINDJEE 1968a; MUNDAY and GOVINDJEE 1969a, b; MOHANTY ef al. 1971), and the methods
for the measurement of the emission spectra (CHO ef al. 1966; GOVINDIEE 1972) have already
been described. These spectra were corrected for the spectral variation of the spectrofluorometer.
Absorption spectra were measured in a Bausch and Lomb Spectronic 505 spectrophotometer
equipped with an integrating sphere.

Acknowledgements: Collaboration and/or help, at one stage or the other, of Drs. S. C. Sybesma,
T. T. Bannister and R. Delosme is gratefully acknowledged. We thank the National Science Found-
ation and the University of Illinois for financial support. We also thank Dr. G. Heytler, E. 1.
duPont deNemours, for a generous gift of FCCP.

RESULTS

Fluorescence yield changes induced by uncouplers of photophosphorylation

In green and red algae, the poisons of electron transport, like CMU, DCMU and orthophenan-
throline cause a very rapid rise in fluorescence yield (O rise) to a maximal level and then the yield
remains constant throughout the period of irradiation (see MOHANTY et al. 1971) although
BaNNISTER and Rice (1968) reported DCMU resistant fluorescence changes in the green alga,
Chlamydomonas, at a relatively high intensity of excitation.

It has, however, been shown that Chl a fluorescence yield of DCMU-poisoned cells and chloro-
plasts could be altered by a variety of agents which uncouple phosphorylation (BANNISTER 1967;
PAPAGEORGIOU and GoOVINDJIEE 1968a, b; HoMaNN 1971; KIMIMURA ef al. 1971). We have investi-
gated the nature of this alteration in fluorescence yield by uncouplers in both poisoned and normal
algal cells. Our data with CCCP (Table 1) confirm the findings of BANNISTER (1967) who first
reported that FCCP depresses Chl g fluorescence yield of DCMU-poisoned cells. Upon the addi-
tion of FCCP, the fluorescence yield declined slowly to a lower value over a period of 2 to 3 min.
The extent of quenching increased with an increase in the concentration of FCCP. The amount
of depression of Chl a fluorescence yield by FCCP or CCCP also varied depending on the culture
conditions, the age of the algal samples and the time of incubation. FCCP causes depression of



PMS AND UNCOUPLER EFFECTS ON FLUORESCENCE

Table 1

Quenching of Chl a fluorescence yield of DCMU poisoned Chlorella by CCCP. Fluorescence was
measured at 685 nm (half band width, 6.6 nm); cells were washed and suspended in fresh culture
medium, with 15 pm DCMU; excitation blue radiation (C.S. 4—72 plus 3—73): ca. 10 Wm™?2;
C.S. 2—61 filter before the photomultiplier.

Concentration of CCCP [um] None 10 30 50 100

Steady state fluorescence yield
in relative units 50.0 45.5 39.0 29.0 27.0

Fraction of control 1.00 0.91 0.78 0.58 0.54

Chl a fluorescence both in aerobic and anaerobic cells (GOVINDIEE and BANNISTER, unpublished).
The room temperature emission spectra of DCMU and DCMU plus FCCP treated (aerobic and
anaerobic) Chlorella pyrencidosa (Fig. 1) show that DCMU causes a preferential increase of the
main band at 685 nm and FCCP suppresses mainly this band. In other words,the ratio of emission
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Fig. 1. Room temperatute emission spectra of low and high irradiance aerobic cells of DCMU
(30 um) treated Chlorella with and without FCCP (80 um). Cells were suspended in Warburg’s
buffer No. 9 (pH 9.2); absorbance of the sample was adjusted to have 5% absorption at the
red peak. Samples were excited with bright blue irradiation (C.S. 4—96 plus 3-—73) of ca.
10 W m™ 2. Observation monochromator was guarded by a C.S. filter 2— 64; slit width of the
monochromator = 5 nm. (These results confirm the unpublished results of GovinpIEE and
T. T. BANNISTER.)
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intensities at 685 nm to that of 720 nm is higher in DCMU-treated cells than in the cells treated
with both DCMU and FCCP. It seems that in intact algal cells DCMU keeps the two photo-
systems in state 1 and the addition of uncoupler induces interconversion of state 1 to state 2.

Table 2

Quenching of Chl a fluorescence yield by DNP in DCMU poisoned Chlorella. DCMU, 8 pM;
buffer 50 mum phosphate, pH 6.8; ethanolic stock solution of DNP was diluted in H, O before use;
all additions were made in the dark. [Chl], 45 png ml™%; excitation, 633 nm; irradiance ca. 25 W .

.m™2,
Concentration of DNP {um] None 40 80 120 160 200
Relative fluorescence yield 1.0 1.0 0.83 0.75 0.59 0.55

Like FCCP, DNP causes a quenching of the fluorescence yield (Table 2), although unlike
FCCP, DNP is a poor uncoupler of photophosphorylation. The percent-quenching remained the
same at the low as well as at the high irradiance. These results appear to be contradictory to those
of Hocu and RANDLES (1971), who observed an enhancement of fluorescence yield upon the addi-
tion of DNP at weak irradiance. However, the irradiance used by them was extremely weak, such
that the fluorescence yield was low even in the presence of DCMU. Tt appears that DNP inhibits
the back recombination between Z* and Q™ and thus causes an increased yield of fluorescence
in their experiments. ‘

Room temperature emission spectra of Chlorella in the presence of DCMU and DCMU plus
DNP (Fig. 2) show that, as in the case of FCCP, the DNP causes a preferential lowering at the
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Fig. 2. Room temperature emission spectra of DCMU (15 um) poisoned aerobic cells of Chlorella
with and without DNP (1 mm). Low irradiance cells were suspended in fresh growth medium
(pH 6.7); excitation A, 633 nm; irradiance 20 W m™ 2. Absorbance of the sample was adjusted
to have 5% absorption at the red Chl a peak. Observation monochromator was guarded by
a C.S. filter 2—64; half band width of the monochromator, 6 nm.

main 685 nm band without a significant effect on the system 1 emission. The ratio of F685to F710
was decreased from 6.2 to 4.9 by the addition of 1 mm DNP. The quenching of fluorescence by
DNP and FCCP seems to be very similar and both cause a similar change in the emission cha-
racteristics of Chlorella.
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PMS AND UNCOUPLER EFFECTS ON FLUORESCENCE

The above-described changes in the Chl ¢ fluorescence yield by uncouplers like CCCP, FCCP
or DNP can not be due to an alteration in the electron transport, as these changes occur even in
the presence of DCMU. On the other hand, the changes in Chl a emission characteristics seem
to be related to the shift in the distribution of quanta between the two photosystems (BONAVEN-
TURA and MYERS 1969; MURATA 1970).

Effect on DPS transient

KiMIMURA et al. (1971) supported the view of ITOH ef al. (1969) that low steady state yield of fluo-
rescence in the presence of CCCP is mainly due to an inhibition of electron transport from water
to photosystem II reaction centers, while HoMANN (1971) has shown that CCCP accelerates a Meh-
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irradiation (C.S. 4—96 plus 3—73) of ca.
18 W m™2; observation A, 685nm (half
band width, 10 nm); Corning C.S. 2—58 filter before the analyzing monochromator. Cells
were suspended in carbonate—bicarbonate plus 0.25 M NaCl buffer, pH 8.5. FCCP was
added in the dark and equilibrated for at least 5 min before the measurements. (These results
confirm the unpublished results of GoviNDIEE and R. DeLosME in Chlorella.)

FCCP [x10°M1

ler type photoreduction of oxygen eveun in previously uncoupled chloroplasts and causes a lowering
of fluorescence yield. Thus, the quenching of fluorescence by CCCP in normal chloroplasts is
due to a rapid rate of ¢lectron transport. We have, therefore, studied the effect of varying concen-
tration of FCCP and CCCP mainly on the fast fluorescence yield changes in intact algal cells of
Porphyridium and Chlorella as the fast DPS transient [s]reflects mainly the changes due to electron
flow between the two photosystems (see GOVINDJEE and PAPAGEORGIOU 1971). (Earlier, PAra-
GEORGIOU and GOVINDIEE 1968a, b, reported the suppressing effect of FCCP in Anacystis and
Chlorella on the slow SM rise and on MT decline, respectively.)

GovinNpIEE and R. DeLosME (unpublished) analyzed the effect of FCCP on the fast transient
of Chliorella; our results on the red alga Porphyridium are very similar to theirs on Chlorella.
At very low concentrations of FCCP there is an increase in I and P, but the fluorescence yield
at O and S remains relatively unchanged (Fig. 3; Porphyridium). On increasing the concentration
to 0.5 uM, the fluorescence yield at I declines while the yield at P and S increases. At still higher
concentrations of FCCP (4 uM) both P and $ decline and we observe an increase in the O level
fluorescence. The P/S ratio decreases at a relatively lower (1 umM) concentration of FCCP when
the yield at P is still high, We confirm these results in Chlorella using FCCP and CCCP; the latter

151



152

P. MOHANTY, GOVINDJEE

is known to be comparatively less potent than FCCP and thus a relatively higher concentration
of CCCP was needed to cause a similar effect..(In these experiments we have used relatively higher
concentrations of both CCCP and FCCP as compared to what is routinely used in the case of
isolated chloroplasts or mitochondria (KRAAYENHOF 1971). Such high external concentrations of
uncouplers are necessary in studies with intact cells; we do not know the concentration of the
compound that permeates to the functional site of the chloroplasts in vive.)

T T

Chlorella

Relative fluorescence yield

0 X L
t 1 2
Time of irradiation [s]

LIGHT ON

Fig. 4. Time course of Chl a fluorescence yield in Chlorella with and without CCCP. Cells were
suspended in 50 mM Tris-Cl plus 0.01 sodium chloride buffer, pH 7.8. A observation, 685 nm
(half band width, 6.6 nm). A C.S. 2— 62 filter (half band width, 6.6 nm) before the analyzing
monochromator. 10 min dark incubation before irradiation. CCCP added in the dark; etha-
nol concentration, ~ 1%.

In Chlorella CCCP (10 pum) significantly suppresses the peak fluorescence of the fast transient P
(up to 2 s of irradiation; Fig. 4). Besides this suppression in P, there was a delay in the time to
reach P level (¢p). In Porphyridium a different effect on 7p was observed at the low concentrations
of FCCP than at the high concentrations of FCCP (Fig. 5): At a low concentration of FCCP,
the ¢p is slightly hastened but on increasing the concentration of FCCP, the fp is progressively
delayed. In Cyanidium (Fig. 5) no clear hastening of #p at low concentrations of the uncoupler
was noted, but a progressive delay of #p at higher concentrations was observed. Again, the am-
plitudes of fluorescence at various characteristic points of the fast transient, nemely at O, I, P
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Fig. 5. Effect of varying concentrations of FCCP
on the time for development of peak fluores-
cence yield (P) in Porphyridium cruentum and
Cyanidium caldarium and on the fluorescence
vield changes in C. caldarium. Porphyridium
cells were suspended in bicarbonate carbonate
buffer (pH 8.5) plus sodium chloride; Cyanidium
cells were suspended in fresh growth medium
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PMS AND UNCOUPLER EFFECTS ON FLUORESCENCE

and S, showed a similar variation with increasing doses of FCCP as it was observed in the case
of Porphyridium and Chlorella. Thus, the results obtained with three different algae suggest
that observed results are a general manifestation of the action of this uncoupler. 1t has at least
two modes of action: at lower concentrations, it causes an enhancement of I, P and the rate of DP
rise, and at a higher concentration, it suppresses them. Atebrin, another potent uncoupler of
phosphorylation acts very similar to FCCP (GovinDieg and R. DELOSME, unpublished).

The enhancement of I and P, and of the rate of DP rise suggests that CCCP and FCCP at low
concentrations bring about inhibition of the rate of back reoxidation of Q™. This would cause
a hastening of #p. (Indeed, HoMaNN 1971 has observed that CCCP prevents back reoxidation
of Q7 inisolated chloroplasts in the presence of DCMU.) On increasing the concentration, CCCP
or FCCP presumably accelerates the flow of electrons either due to the uncoupling effect as sugges-
ted by IToH ef al. (1969) or increasing the O, uptake as suggested by Homann (1971). FCCP has
been known to stimulate light induced O, uptake in Chlamydomonas (BANNISTER and Rice 1968)
and also in Anacystis (MOHANTY 1972). Such stimulated O, uptake in whole cells would cause
an accelerated flow of electrons and would bring about a depression of P and delay in its formation
(Fig. 4).

Recovery of transient

VREDENBERG (1969) has shown that some proton permeating agents (CCCP, nigericine) shorten
the requirement of dark period for the resto.ation of the OIDPS transient in Porphyro. Fig. 6
confirms that 0.2 um FCCP considerably shortens the requirement of dark time for the develop-
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ment of peak fluorescence in Porphyridium cruentum. At higher concentrations (4 pm), the transient
is restored rapidly but the PS decline is suppressed (see also MOHANTY ef al. 1971). We could not
find any hastening of the dark requirement by FCCP in Chilorella or spinach chloroplasts. We do
not know the cause of this negative result in Chlorella.

Induction of slow changes in Chl 4 fluorescence yield of DCMU poisoned cells by cofactor(s)
of electron transport

PMS (phenazine methosulfate) is an efficient cofactor for cyclic electron transport in isolated
chloroplasts (AvrRON 1967). This cyclic flow of electrons, generating ATP, is mediated by photo-
system I. ARNON ef al. (1965) and GovINDIEE and YANG (see GOVINDIJEE ef al. 1967) observed that
PMS could quench the fluorescence yield of normal and DCMU poisoned chloroplasts respecti-
vely. MURATA and SUGAHARA (1969) reported a detailed analysis of this quenching of Chi a fluo-
rescence in DCMU poisoned spinach chloroplasts by reduced PMS. Wraigut and CROFTS (1970)
made similar studies with another cofactor DAD (diaminodurene) which was found to be more
effective in bringing about quenching of Chl a fluorescence in chloroplasts than PMS. The quen-
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ching was found to be sensitive to all uncouplers and ionophorous antibiotics like gramicidin and
nigericine. SyBesMA and WILLiaMS (1967) and WiLLiaMS et al. (1969) reported a similar type of
quenching of fluorescence yield with another cofactor of electron transport (DCPIPH,) in intact
algal cells of Chlorella. Recently, MOHANTY et al. (1973) have reported that quenching of Chl a
fluorescence by PMS in isolated chloroplasts is related to the structural modifications in the chlo-
roplast. We report below the effect of the cofactor PMS on the fluorescence yield changes in intact
cells of Chlorella (Fig. 7) and Anacystis (Fig. 8). In Chiorella the induction of lowering of Chl a
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Fig. 7. Light induced quenching of Chl a fluorescence yield in Chlorella by PMS in the presence
of DCMU. A: effect of adding PMS; B: dark recovery of the fluorescence yield as measured
by weak intensity 1 / 10 s flash; C: various concentrations of PMS with 10 um DCMU; D: 10 um
DCMU, 4 um FCCP and 30 pm PMS, additions as shown. Buffer, 50 mm potassium phosphate,
pH 8.0; [Chl}], 60 pg per 3 ml.

fluorescence yield in the presence of 10 umv DCMU by 25 um oxidized PMS was slow, and the re-
covery of the original fluorescence level occurred within 40—45 s of darkness (Fig. 7). This resto-
ration to the original level of fluorescence yield is slower than what has been seen in chloroplasts.
The quenching of fluorescence with PMS saturates at about 50 um PMS (Fig. 7 C). The quenching
requires a relatively high irradiance (ca. 14 W m~2). FCCP (4 pm) slows down the rate of quen-
ching of the fluorescence yield by PMS and decreases also the extent of the quenching (Fig. 7 D).

PMSH, brings about a quenching of fluorescence yield in DCMU poisoned Anacystis, while
the same concentration of PMSH, does not inhibit the slow rise in the yield of Chl a fluorescence
(Fig. 8). In some cases, as in Fig. 8, it stimulated the slow SM rise although the DPS transient
was arrested. In this case, PMSH, seemed to inhibit the noncyclic electron flow and it is well
known that blue-green algae exhibit a pronounced change in the yield of fluorescence in the pre-
sence of inhibitors of electron flow (PAPAGEORGIOU and GOVINDIEE 1968a).



PMS AND UNCOUPLER EFFECTS ON FLUORESCENCE

The emission spectrum of Chlorella at liquid nitrogen temperature (77 K) in the presence
of DCMU is not significantly altered by the addition of PMS (Fig. 9). The samples were preirra-
diated before cooling rapidly with liquid nitrogen. MURATA and SuGAHARA (1969) reported a total
depression of yield of fluorescence in chloroplasts, without any alteration of emission character-
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Fig. 8. Slow changes in the yield of Chl a fluorescence measured at 685 nm in the blue-green alga
in normal and DCMU poisoned Anacystis nidulans with and without PMSH,. A excitation,
633 nm; irradiance ca. 26 W m™ 2. 20 pM PMS plus 0.1 my ascorbate in 40 mm Tris-CI buffer.
All additions were made in the dark; 15 min dark time before irradiation.

istics by PMS at 77 K. As it is difficult to know the exact pathlength of irradiation after freezing
with liquid nitrogen, we do not make any conclusion regarding the depression of yield at 77 K,
but it is clear that PMS does not alter significantly the relative ratios of fluorescence bands. This
suggests that the lowering of yield by PMS in intact cells, as in the case of isolated chloroplasts
(MOHANTY et al. 1973), is probably not associated with a change in the spill-over of quanta from
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SyBEsMA and MOHANTY (unpublished; see MoHANTY 1972) have observed a quenching of Chl a
fluorescence by DCPIPH, which is reversed by an uncoupler, FCCP, and an “energy transfer”
inhibitor, phloridzin in Porphyridium cruentum. The quenching caused by photosystem I cofactor,
DCPIPH,, is faster than that caused by PMSH,. A low concentration of uncoupler FCCP was
found to be very effective in reversing the lowering of Chl a fluorescence yield while energy transfer
inhibitor phloridzin was less effective.

DISCUSSION

In this report, we have characterized two different types of Chl a fluorescence yield changes in
intact algal cells that are not linked to the redox state of the quencher Q. In the one case (uncoupler
induced), alteration of fluorescence yield is accompanied by a change in Chl ¢ emission characte-
ristics (Figs. 1 and 2) and in the other case (PMS induced) fluorescence yicld fluctuations do not
exhibit such an alteration in emission (Fig. 9). However, both types of fluorescence yield changes
may be linked to an alteration of the thylakoid membrane structure.

Protonophorous uncouplers (FCCP, DNP), like cations (sece MoHANTY and GovINDIEE 1971;
DE KOUCHKOVSKY 1972; MoHANTY and GOVINDJEE, unpublished), seem to induce similar changes
in the fluorescence yield (quenching of fluorescence yield) and the emission (spectral) character-
istics in intact algal cells. On the other hand, cations (like Mg™ * and Na™) enhance the fluores-
cence® yield (HOMANN 1969; MURATA 1969b; MURATA e al. 1970; MOHANTY ef al. 1973) while an
uncoupler like FCCP, at a relatively high concentration, quenches the fluorescence in isolated
broken chloroplasts both in the absence and the presence of DCMU (IToH ef al. 1969; HOMANN
1971; KiMiMURA et al. 1971). From the above discussion, it appears that in intact algal cells both
salts and uncouplers of phosphorylation (added to the external medium) cause similar structural
alterations leading to spill-over of excitation energy in favor of pigment system 1. However, in
isolated chloroplasts, salts seem to cause their shrinkage and suppress excitation energy transfer
from pigment system II to system I (MURATA 1969b), while uncouplers (e.g., high concentration
of FCCP) seem to suppress such structural alterations (see Goobp et al. 1966). The differential
resuits obtained in broken chloroplasts and intact algal cells may suggest that microscopic alter-
ations in the orientation of the two pigment systems, and not the gross structural volume changes
control the observed fluorescence changes.

We have shown, in this communication, that the potent uncoupler FCCP has multiple mode
of action. It seems to cause an inhibition of back recombination reactions (between oxidized donor
Z % and reduced acceptor Q) at a low concentration (Fig. 2) in normal cells, while at a moderate
concentration it may increase the electron transport and bring about a quenching (Figs. 3 and 4)
of fluorescence. Fluorescence yield changes induced by relatively high concentration of FCCP
in DCMU poisoned cells seem to be caused predominantly by a structural modification (see Goop
et al. 1966) and consequently an alteration in the mode of excitation transfer (see PAPAGEORGIOU
1968; GovINDJEE and PAPAGEORGIOU 1971; MoHANTY and GovINDJIEE 1973). DNP seems to exhibit
similar mode of action at relatively high concentrations (Fig. 2; Table 2).

Cofactors that induce cyclic electron flow via photosystem 1 cause a lowering of Chl a fluores-
cence yield, both in broken chloroplasts (MURATA and SUGAHARA 1969; WralGHT and CROFTS
1971; MoOHANTY e al. 1973) as well as in DCMU poisoned whole algal cells (Figs. 7 and 8). This
type of decline in fluorescence yield in intact algal cells is reversed more effectively by uncouplers

* Recently E. Gross (17ﬂl Annual Meeting of Biophysical Society, held in Columbus, Ohio,
February 1973) has shown that low concentration of monovalent salts (1.2 mMm) decrease the
fluorescence yield, and it is this decreased yield that is reversed by divalent and higher concen-
trations of monovalent salts.
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than by energy transfer inhibitors (SyBEsma and MOHANTY, unpublished; see MomaNTY 1972).
It is known that PMS or DAD induced lowering of fluorescence yield in isolated chloroplasts
is sensitive to a wide range of uncouplers and ionophorous antibiotics (MURATA and SUGAHARA
1969; WRAIGHT and Cro¥T1s 1971; MoOHANTY ef al. 1973). This PMS-induced lowering of fluores-
cence yield, thus, seems to be related to energy-linked processes of photosynthesis. However,
we believe that cyclic electron transport mediated quenching of fluorescence yield is also regulated
by a modification of the membrane structure and is associated with the two photosystems in such
a way that it causes an increase in non-radiative losses (heat).

CraMER and BOHME (1972), from their studies on the effect of inhibitors (e.g., antimycin A4,
NH,OH and FCCP) on the Chl a fluorescence and the redox state of Cyt b 559, propose an alter-
native explanation to these observed changes in fluorescence yield in the presence of DCMU.
They believe that a shift of the midpoint potential of Cyt b 559 from a high to a low potential
and vice versa regulates the fluorescence yield through the redox state of Q. If Cyt b 559 remains
primarily in the high potential state, it can accept the electron in a cyclic reaction mediated through
PS IL Such a cyclic flow around photosystem IT will keep Q in a predominantly oxidized state
and fluorescence at a low level. If Cyt b 559 remains in a low potential (more negative) state, an
accumulation of reduced Q results due to DCMU blocking. 1t is conceivable that a change in the
ionic environment or an alteration in the structural conformation may shift the redox potential
of Cyt b 559. But it seems that if high potential Cyt 5 559 mediated cyclic electron flow were the
sole cause of fluorescence yield (p ) changes in the presence of DCMU, then these changes would
be most predominant at low irradiance and would be minimal at high irradiance. This does not
seem to be the case of ion induced alteration in the yield or PMS induced quenching of Chl a
fluorescence. Low concentration of uncouplers (like FCCP, DNP) may shift high potential Cyt &
to a low potential form and increase the yield of Chl @ fluorescence but at a high concentration
these uncouplers alter fluorescence yield by alteration of structure and in the mode of excitation
transfer. It, therefore, seems that some specific alteration of the thylakoid structure promotes
de-excitation of Chl g by a change in the rate constant of energy transfer between the two photo-
systems or in the rate of heat losses. (For a discussion of the light-induced structural changes
see CROFTS et al. 1967 and Packer and DeEaAMER 1968.) We do not know how the microscopic
alteration of structure induced by uncouplers and cofactors differ. It may be related to the redox
state of the carriers of photosystem I.

(After the present work was completed, the authors became aware of the following papers on
Chl a fluorescence yield changes presented at the 1V International Biophysics Congress held in
Moscow, U.S.S.R. (Aug. 7—14, 1972). For the sake of completeness, reference to these papers
is given below; they can be found in the book of abstracts of contributed papers, volume 1:
(1) G. H. Krausg: Effects of oxygen on chloroplast shrinkage and steady state chlorophyll fluores-
cence in intact leaves of higher plants, paper EIVa 2/2, p. 323; (2) N. V. KARAPETYAN: Fluorescence
induction of chloroplasts under reductive conditions, paper EIVa 2/3, p. 324; (3) O. ELGERSMA:
Reaction kinetics of the primary acceptor Q of pigment system II in photosynthesis, paper El1Va
2/4, p. 325; (4) V. M. Gorp, Yu. S. GriGOrEV and N. A. GAgvsky: The induction transfer of
chlorophyll fluorescence in native and model systems, paper EIVa 2/5, p. 326.)
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