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Figure 1. Simultaneous recordings of light-in-
duced room temperature Chl fluorescence and
505-nm absorbance changes in the presence
and absence of KCN. Intact Percoll-isolated
chloroplasts were preincubated with and with-
out KCN for 5 min before onset of actinic
illumination. The dark level fluorescence yield,
F., is shown by the dotted line. go, measured 5
s after illumination, was 0.08 and 0.06 in the
absence and presence of 1 mm KCN, respec-
tively. gn and gp at the points indicated by the
dotted arrows were as follows. Control: 1, g =
0.103, gv=0.77; 2, gp = 0.17, gn = 0.86. 0.1
mm KCN: 1, gr = 0.068, gv = 0.54; 2, gp = 'y
0.043, qv = 0.36. 1 mm KCN: 1, gr = 0.03, gn
=0.25; 2, gp = 0.03, g~ = 0.32. Continuous red
actinic light (350 uE m™ s™") was switched on
at the open arrows, and DBMIB (2 um) was
added after 16 min illumination at the filled
arrows. For other conditions, see “Materials and
Methods.”
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steady-state level of zeaxanthin formed decreased with in-
creasing KCN concentration. Also, in the presence of KCN,
the AAss did not show time-dependent variations as did gn.

Figure 2 shows the effects of KCN on light-induced neutral
red uptake at 520 nm. The starting absorbance at zero time
is the dark level uptake of neutral red. The Asz in the control
increased rapidly in the first few seconds of illumination,
followed by only a slight further increase for the duration of
illumination. The difference between the light-induced and
dark Asz was NIG reversible (data not shown), indicating a
rapid proton buildup to a steady-state level. When 0.1 mm
KCN was present, the Asy initially increased rapidly similarly
to the control and, after about 3 min, declined gradually,
reaching a value 55% below the control. With 1 mm KCN,
the initial increase was not affected, but the decline was more
rapid and the final level slightly lower than in with 0.1 mm
KCN (data not shown). These results show that chloroplasts
that had CO, fixation totally disabled still had sufficient
electron flow to generate and sustain the ApH necessary for
zeaxanthin formation and NPQ. Inhibition of a large fraction
of the light-induced Asz by low concentrations of KCN is
consistent with the view that the MP reaction plays a major
role in electron flow under these conditions.

The temporal effects of KCN on fluorescence and lumen
acidification (Figs. 1 and 2) can be due to several possible
effects. The high permeability of KCN excludes permeability
as a factor. Light-dependent inhibition of APO was also
excluded by using the peroxide-induced gr of uncoupled
chloroplasts to assay APO activity (23, 25). No temporal
inhibition of APO was observed. Other possibilities are dis-
cussed later in this report.

Figure 3A shows the effects of KCN concentration on
steady-state gy (16 min of actinic light). gn was suppressed
sigmoidally and began leveling off at about 0.1 mm. At 1 mm
KCN, about 80% of the energy-dependent quenching was
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Figure 2. Light-induced neutral red uptake kinetics in the absence
and presence of 0.1 mm KCN. The absorbance change was meas-
ured immediately after adding 6 um neutral red to the reaction
mixture in the dark (0 time) and at the indicated times after onset
of actinic illumination. Other conditions are as for Figure 1.
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Figure 3. The effect of KCN on steady-state NPQ (A) and relative
zeaxanthin concentration (B). Intact chloroplasts were illuminated
in the presence of increasing KCN concentrations. NIG (0.3 um)
was added 16 min after onset of actinic light. gn was measured 15
s before and 90 s after adding the uncoupler to resolve reversible
and irreversible NPQ. The pigments were determined by HPLC
following g~ determinations. For other conditions, see Figure 1.

suppressed. The Iso of maximal KCN inhibition was about 25
puM KCN. The Is; decreased with decreasing light intensities
(data not shown). The irreversible (NIG-insensitive) part of
NPQ was slightly higher in the absence than in the presence
of KCN. Consistent with previous reports (23, 25), g, was
significant in these chloroplasts, which had CO, fixation
inhibited (see legend to Fig. 1). KCN inhibited g» with an Iso
of 30 um and suppressed g 85% at 1 mm KCN (data not
shown).

The steady-state zeaxanthin concentrations from the treat-
ment in Figure 3A after a 16-min reaction are shown in
Figure 3B. With no KCN present, 120 mmol zeaxanthin-mol
Chl 47! was produced, representing about 80% of the total
violaxanthin in lettuce. Zeaxanthin formation was suppressed
60% at 1 mm KCN and at 5 mm KCN leveled off to around
40 mmol zeaxanthin-mol Chl 4™ or 35% of the control value.
The steady-state zeaxanthin level was apparently less sensi-
tive to KCN than steady-state g or gp. When air was blown
on the surface of the stirred chloroplast solution, the Iso of
both gy and the zeaxanthin concentration was shifted to

higher KCN concentrations of about 1.5 and 2.5 mm, respec-
tively (data not shown).

The KCN effect on steady-state neutral red uptake after 15
min of illumination is shown in Figure 4. As was the case in
Figure 2, the difference between the light-induced and dark
level is the NIG-reversible portion of the uptake. Increasing
the inhibitor concentration decreased steady-state relative
lumen acidification. The Is, for neutral red uptake was about
40 um KCN. At 1 mm KCN, about 55% of the maximal
possible change was inhibited. Based on Is, values, the
steady-state relative lumen acidity was less sensitive than
steady-state g (25 uM) or gp (30 uM) but more sensitive than
the steady-state zeaxanthin concentration (70 um) to KCN.

The possibility that KCN inhibited ApH and the related
changes by inhibiting electron transfer to O, was investigated.
Figure 5 shows the effect of KCN on light-induced oxygen
uptake rate in the presence of MV. The chloroplasts were
uncoupled with NIG to increase detectability of inhibitory
effects by eliminating the effects of the energized state. KCN
did not affect electron flow up to 1 mm, independent of the
length of preincubation with KCN in reaction buffer, pH 7.6.
The O, uptake rate was suppressed about 10% at 10 mm. The
rapid suppression of the oxygen uptake rate at high KCN
concentration is possibly due to the inhibitory effect of KCN
on plastocyanin (16). To further exclude light-dependent
effects of KCN on O, reduction, the chloroplasts were illu-
minated for 16 min in the presence of increasing KCN con-
centrations (as in Figs. 1 and 3) before adding MV, together
with NIG, and measuring light-dependent oxygen uptake
rate. The results were similar to those shown in Figure 5.
These results indicate that KCN does not inhibit g», NPQ, or
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Figure 4. Effect of KCN concentrations on light-induced neutral
red uptake by chloroplasts under steady-state illumination. Neutral
red (2 um) was added to the reaction mixture after 14 min of actinic
illumination, and Asy, was measured 90 s later. The dark uptake of
neutral red was determined similarly by adding the dye to reaction
mixtures incubated in the dark for 14 min in the presence or
absence of KCN. For other conditions, see Figure 1 and “Materials
and Methods.”
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Figure 5. The effect of KCN on light-induced, MV-mediated O,
uptake. Chloroplasts were preincubated with KCN for 12 min. Intact
chloroplasts uncoupled with NIG were illuminated in an oxygen
electrode cell at 20°C (model 10, Rank Brothers, United Kingdom)
with actinic white light at 2100 uE m~2 s~'. Concentrations used
were 1T mm MV and 0.3 um NIG. For additional conditions, see
“Materials and Methods.”

zeaxanthin formation by directly inhibiting linear electron
flow to O; in the Mehler reaction.

The effect of KCN on the relationship between reversible
SVn and zeaxanthin concentration at steady state is shown
in Figure 6 (open circles). Two phases are apparent. NPQ
appeared to be more sensitive to zeaxanthin at lower than at
higher concentrations. Inasmuch as KCN under these con-
ditions also affects ApH, the product of relative zeaxanthin
concentration and steady-state lumen acidification (AAszo)
versus SVy is also plotted (Fig. 6, closed circles). This treat-
ment linearized the relationship. The regression line inter-
cepts the y axis at about 0.2, suggesting that some “quencher”
could be present without detectable reversible fluorescence
quenching. Because multiplication of two variables can com-
pound errors, a further experiment was done. Zeaxanthin as
a variable was removed by forming it in a preceding light
treatment, and then lumen acidification and SVy were varied
by titrating APO activity with KCN or DTT (25) before the
second light period. In the case of KCN, the relationship was
measured at two actinic light intensities. SV correlated lin-
early with AAsy, whether titrated with KCN (Fig. 7A) or DTT
(Fig. 7B). The regression line intercepted the x axis at 0.019
and 0.025 for KCN and DTT-induced APO inhibition, re-
spectively, or about 30% of maximal AAs,o. There appears to
be a threshold of ApH for zeaxanthin-dependent quenching
under these conditions.

The possibility that KCN or H;O;, the product of the
Mehler reaction (20), directly inhibits violaxanthin deepoxi-
dase was tested using the light-independent deepoxidation
activity at pH 5.2 with intact chloroplasts and the isolated
enzyme (30). Neither cyanide nor peroxide inhibited deepox-
idase activity itself (data not shown). However, with intact
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chloroplasts, light-induced zeaxanthin formation was tran-
siently suppressed when exogenous peroxide was added.
These effects suggest that APO possibly has a higher affinity
for ascorbate than the deepoxidase. Whether this competition
for ascorbate occurs in chloroplasts is unknown and under
further study.

DISCUSSION

The present results show that intact chloroplasts that have
been chemically treated to inhibit all CO, fixation are still
able to form high levels of zeaxanthin and develop substantial
NPQ. This NPQ is “energy-dependent quenching” and di-
rectly related to the zeaxanthin concentration. The formation
of zeaxanthin and the related NPQ of these chloroplasts is
consistent with the in vivo process under conditions of limited
CO:; fixation (8).

Zeaxanthin formation and NPQ both require an acidic
lumen (6, 13) and, therefore, the light-driven electron trans-
port for translocation of protons. The effects of KCN, an
inhibitor of APO, support the view that the required electron
transport in these chloroplasts was due to the MP reaction.
Cyclic electron flow around PSI as an alternative mechanism
for the required lumen pH is unlikely because it is not
inhibited by a low KCN concentration. Furthermore, cyclic
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Figure 6. Correlation between reversible SVy and zeaxanthin con-
centration or the product of zeaxanthin and AAsy. SVi, zeaxanthin
concentration, and AAs;, were varied by titrating with KCN. AAs;,
is the reversible absorbance change and was determined by dissi-
pating ApH with NIG together with DBMIB 90 s after neutral red
addition. Neutral red quenched fluorescence of the nonenergized
state by a factor of 0.92, calculated by comparing similar experi-
ments in the presence or absence of neutral red and in the absence
of KCN. Reversible SVn was calculated using F’m before the addition
of neutral red and the corrected F’y after addition of the dye and
DBMIB. Pigments were extracted 1 min after SVy determination
and analyzed by HPLC. The AAsy, after 14 min of actinic illumination
was 0.035, and the maximal zeaxanthin concentration was 85 mmol
mol™ Chl a. The values were plotted as relative units. Other
conditions were as for Figure 4.
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Figure 7. Correlation between reversible SVy in chloroplasts with
preformed zeaxanthin and reversible neutral red absorbance
change at 520 nm. ApH was varied by titrating with KCN (A) or
DTT (B). To preform zeaxanthin (120 mmol zeaxanthin-mol™" Chl
a), intact chloroplasts were illuminated for 28 min with red actinic
light (350 uE m™ s7"). KCN and DTT concentration dependency
was measured after 7 min of dark adaptation in a second 18-min
light period of the same light intensity. In case A, the concentration
dependency was measured at 350 (A) and 160 (O) uE m™ s7'.
Neutral red (2 um) was added during light at the end of the second
light period. DBMIB (2 um) together with NIG (0.3 um) was added
2 min later to resolve reversible SV and AAsj. Reversible SVy was
calculated as described in Figure 6. For other conditions, see
“Materials and Methods.”

electron transport apparently does not occur under aerobic
conditions (1, 21, 25). Inhibiting Rubisco activity with IAA
(4) excludes possible effects of KCN on CO, fixation- or
photorespiration-dependent lumen acidification.

The MP reaction requires three enzymic activities, SOD,
APO, and monodehydroascorbate reductase. When ascorbate
is saturating, inhibition of either SOD or APO, can inhibit
the MP reaction. Isolated soluble CuZn-SOD of spinach
chloroplasts is inhibited about 75% at 0.1 mm KCN (3).
Lamellae-bound SOD in angiosperms, however, is KCN in-
sensitive (19). Hence, SOD appears to be less sensitive than
APO to KCN. It appears that only a small part, if any, of the
KCN effects can be attributed to inhibition of SOD, although
this was not tested directly. Monodehydroascorbate reduc-
tase, the enzyme for ascorbate regeneration, is not sensitive
to KCN (15). Thus, of the three enzymes required for the MP

reaction, APO is the most sensitive to KCN. We conclude,
therefore, that the effects of KCN on zeaxanthin formation
and zeaxanthin-dependent NPQ were mainly, if not exclu-
sively, due to the inhibition of APO.

Inhibiting APO with KCN does not completely inhibit
formation of ApH or zeaxanthin (Figs. 1 and 2). In fact, KCN
had little effect on the initial rapid lumen acidification seen
just after onset of illumination, but it did affect the rate of
the subsequent decrease (Fig. 2). Lack of total inhibition is
expected because the Mehler reaction itself is not sensitive to
KCN. The nature of the temporal ApH response in the
presence of KCN is unclear but may be due to accumulation
of inhibitory H,O,. Also, a time-dependent ApH decrease
could affect light-driven O, reduction (26), resulting in de-
creased peroxide formation and related electron flow. Impor-
tantly, in the absence of APO activity, the Mehler reaction
alone is unable to sustain high lumen acidity. APO increases
ApH, zeaxanthin formation, and NPQ about 2.5, 3, and 5
times (Figs. 3, 4, and 7), respectively, when the steady-state
levels with 1 mm KCN are used as reflecting the Mehler
reaction only. In the IAA-treated chloroplasts, zeaxanthin-
dependent energy dissipation apparently requires a threshold
level of thylakoid lumen acidification (Fig. 7), which cannot
be generated by the Mehler reaction alone. These findings
are consistent with earlier results that demonstrate that elec-
tron flow through O, reduction alone does not result in
substantial NPQ (26).

In vivo, H,O, turnover through the MP reaction could be
the main process that allows linear electron flow to continue
under limited or inhibited Calvin cycle activity. The MP
reaction develops a substantial and persistent proton gradient
in light (Fig. 2) because no ATP is used in this “pseudocyclic”
electron flow (2). If ApH-related fluorescence quenching
reflects regulation of excitation energy dissipation in the
photosynthetic pigment system and PSII quantum yield ef-
ficiency as suggested (18), the MP reaction could be important
for in vivo PSII down-regulation. The proposed role of the
MP reaction in this capacity is consistent with the findings
that zeaxanthin-dependent energy dissipation increases (7, 8)
under conditions favorable to O, reduction (24).

The MP reaction in relation to zeaxanthin-dependent NPQ
development and the photosystems is shown schematically
in Figure 8. Nonradiative energy dissipation as regulated by
this system requires cooperative activities in the lumen and
stroma. The central role of ascorbate is clear. Without ascor-
bate, neither a substantial MP reaction-dependent ApH nor
zeaxanthin formation is possible. MP activity affects the
lumen proton concentration and most likely also the ascor-
bate concentration, both of which are critical for zeaxanthin-
dependent nonradiative energy dissipation. Possible compe-
tition for ascorbate by the MP reaction and deepoxidase could
be partially overcome by a light stress-induced increase in
absolute ascorbate concentration in chloroplasts (9). High but
natural ascorbate concentrations (9) were used in our studies
to minimize, if not avoid, the potentially confounding effects
of depleting ascorbate during the course of reactions. Even
50, altering MP activity with KCN produced complex changes
in zeaxanthin-dependent quenching due to the dynamics of
lumen pH and zeaxanthin formation (Figs. 1 and 2). Hence,
the linear relationship of zeaxanthin and SV that has been
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NPQ Under Limited CO,-Fixation

Figure 8. Schematic for MP-mediated zeaxanthin-dependent NPQ
formation under conditions of limited or inhibited CO, fixation.
Lumen acidification is necessary for violaxanthin deepoxidase (VDE)
activity and for zeaxanthin-dependent nonphotochemical fluores-
cence quenching in the PSIl pigment bed (“NPQ”). Reduction of
O, generates H,0,. The MP reaction, in the presence of ascorbate,
“detoxifies” the H,O,. The electron flow and generation of the
necessary ApH persists through the continued reduction of O, and
reduction of monodehydroascorbate (not shown), the product of
ascorbate oxidation, all in the absence of CO, fixation. Both APO
and violaxanthin deepoxidase activity requires ascorbate, which
implies a possible regulatory function of zeaxanthin-dependent
NPQ by this reducing agent. Inhibitors of APO and violaxanthin
deeoxidase are shown in parentheses. VIO, Violaxanthin; Asc,
ascorbate.

reported in a great number of studies (5, 8, 11, 12) was not
seen (Fig. 6) unless lumen pH was also taken into account or
zeaxanthin was preformed maximally to steady state (Fig. 7,
A and B). The complex interaction among zeaxanthin, ApH,
and NPQ is reflected in their differing kinetics (Figs. 1 and
2). The ability of the MP reaction to affect not only the
concentration of lumen protons but also ascorbate concentra-
tion may also reflect a further regulatory role.

Inhibition of APO activity by DTT (data not shown) or
KCN decreased gr (see legend to Fig. 1). The gp decrease is
consistent with the reported increase in the reduction state
of Qa when the thiol reagent was administered through the
cut petiole of intact leaves (see refs. 5 and 8 for more
references). In the in vivo studies, DTT was used as a dee-
poxidase inhibitor to suppress zeaxanthin formation and thus
zeaxanthin-dependent NPQ. The DTT inhibition of g, was
attributed to increased reduction of PSII centers due to in-
creased energy transfer when zeaxanthin-dependent nonra-
diative energy dissipation was inhibited. We found that in-
hibiting APO with either KCN or DTT decreased linear
electron flow, as indicated by a suppression of gr and sub-
sequent lumen acidification (Figs. 2 and 4). We suggest,
therefore, that the DTT-sensitive gp in intact leaves is in part
due to inhibition of APO. DTT reduces ApH, zeaxanthin

Plant Physiol. Vol. 99, 1992

formation, and the related dependent energy dissipation in
addition to inhibiting violaxanthin deepoxidase. As a conse-
quence of reduced energy dissipation, Q. might be then
further reduced.
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