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Photoreduction of 2,6-dichlorophenclindophenol by chloroplasts with
exogenous Mn2* as electron donor

Stimulation of aerobic photooxidation reactions in isolated chloroplasts by Mn2+
is a well-known phenomenon!=3, The photooxidation of Mn?* itself by chloroplasts
has been demonstrated?—%. The mechanism of aerobic Mn?* photooxidation (apparently
a complex reaction with a moderate sensitivity to 3-(3,4-dichlorophenyl)-1,1-dimethyl-
urea (DCMU)) has been suggested to include donation of electrons from Mn2?*+ to
Photosystem I1%.6. HoMANN’s? fluorescence experiments also support this view. These
observations are of special interest because of the role of Mn2+ in photosynthetic elec-
tron transport, which is currently a subject of intensive study®-!1. However, the rate of
Mn?* photooxidation actually obtained was extremely low (<20 gequiv/h-mg chloro-
phvll). Very recently ITOH ef al.1? have reported that Mn2?+ stimulated the residual ac-
tivity of 2,6-dichlorophenolindophenol (DCIP) photoreduction inTris-washed?!® chloro-
plasts, but the enhanced rate (about 30 pequiv/h-mg chlorophyll) was again far below
normal Hill reaction rates. This communication describes our independent observation
that, with EDTA-treated chloroplasts in which the water-oxidation mechanism has
been destroyed by heat treatment, a rapid DCIP photoreduction (which rate is com-
parable to Hill reaction rates) does occur when Mn2+ is the sole electron donor.

EDTA-washed, Cl--depleted chloroplasts were prepared from commercial
spinach (Sptnacia oleracea L.} as described before'4 and heated at 52° for 2 min to
destroy normal Hill reaction activity. Or, alternatively, leaves were heated in hot
water (52°) for 2 min before grinding and chloroplasts were isolated by the same
procedure. In general, the latter method (cf. ref. 7) yielded slightly more active chloro-
plasts. In either method, chloroplasts were finally washed twice with distilled water
and stored in distilled water. The repeated washing of chloroplasts was to thoroughly
remove EDTA and extractable reducing substances (e.g. ascorbic acid) from the
chloroplasts. The reduction of DCIP (freshly recrystallized) was assayed by recording
the absorbance changes of reaction mixtures at 580 nm. The actinic light used was
a rate-saturating red light (620—700 nm). The temperature was 19°.

Chloroplasts prepared as above have no Hill reaction activity as shown by their
inability to reduce DCIP in the light (even in the presence of Cl-). However, if Mn2?*
(as MnCl, or MnSO,) is added the reduction of DCIP does occur. The dye reduction,
unlike normal Hill reactions, does not proceed to completion presumably because of
a non-biological back oxidation of reduced DCIP by the oxidation product (Mn3+?)
of Mn?+. The rate of dye reduction estimated from the initial slopes of recorded curves
is proportional to the amount of chloroplasts present in the reaction mixture (Fig. 1),
varying from 150 to 250 pequiv/h-mg chlorophyll depending on the chloroplast
preparation. The higher rates, which are nearly 1o times greater than those obtained
by other workers, lie well within the range of normal Hill reaction rates. Fig. za shows
that the observed absorbance changes indeed represent the reduction of DCIP, thus
eliminating the possibility that the changes were due to light-scattering changes of

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; DCIP, 2,6-dichlorophenol-
indophenol; HEPES, N-hydroxyethylpiperazine-N’-ethanesulphonic acid; MES, N-morpholino-
ethanesulphonic acid; HEPPS, N-hydroxyethylpiperazine-N’-propanesulphonic acid.
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chloroplasts. In fact, if the chloroplasts have not been washed with EDTA a Mn?**-
dependent light-scattering change (an increase in turbidity) does occur upon illumi-
nation, a change large enough to obscure the kinetics of DCIP photoreduction. The
scattering change, however, can be suppressed by ammonia (10 mM). The Mn3**-
supported DCIP photoreduction has a pH optimum at pH 7.5-8.0 (Fig. 2b) which is
close to the pH optimum for the Hill reaction in EDTA-washed chloroplasts®.
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Fig. 1. Kinetics of Mn?+-supported DCIP photoreduction in EDTA-treated, heated chloroplasts.
The figures 5-20 represent the amount of chloroplast present in the reaction mixture (ug chloro-
phyll per ml). The reaction mixture {2 ml) contained N-hydroxyethylpiperazine-N’-ethane-
sulphonic acid (HEPES)-NaOH buffer, 40 gmoles (pH 7.5); DCIP, o0.04 umole; MnSO,, 0.2 umole.
The initial slopes correspond to a DCIP reduction rate of approx. 150 puequiv/h-mg chlorophyll.
Actinic light, 620-700 nm.
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Fig. 2. a. Comparison of difference spectrum (dark minus light) with the absorption spectrum
of DCIP. In this particular case a blue actinic light (420 4 20 nm) was used. The reaction
mixture contained 15 ug chlorophyll per ml. Other conditions were the same as for Fig. 1. b. Effect
of pH on Mn2+-supported DCIP photoreduction. Chlorophyll, 15 ug/ml. The buffers used were:
pH 6.0, N-morpholinoethanesulphonic acid (MES)-NaOH; pH 7.0-7.5, HEPES-NaOH; pH
8.0-8.3, N-hydroxyethylpiperazine-N’-propanesulphonic acid (HEPPS; N. E. Goop, unpub-
lished)-NaOH. The basic conditions were as in Fig. 1. Chlorophyll, 15 ug/ml.
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The reaction is highly sensitive to DCMU (Fig. 3a} but is not accompanied by
any detectable O, production; therefore the restoration of DCIP reduction by the
addition of Mn2?* is not due to a reactivation of the Hill reaction. It seems safe to
conclude that in these EDTA- and heat-treated chloroplasts exogenous Mn?+ can
serve as an efficient electron donor for Photosystem II. There was no indication that
more reducing Fe?+ supports DCIP photoreduction. (Fe?t reduces DCIP chemically
at a measurable rate, which, however, was not influenced by the presence of illumi-
nated chloroplasts.)
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Fig. 3. a. Dependence of DCIP photoreduction upon Mn?+ concentration and the lack of Cl- effect.
Cl- was added as NaCl (5 mM). The reaction conditions were as in Fig. 1. Chlorophyll, 15 ug/ml.
b. Competitive inhibition of Mn2+-supported DCIP photoreduction by Mg?+. The basic conditions
were as in Fig. 1. Chlorophyll, 15 yg/ml reaction mixture.

The affinity of Mn2?+ to its reaction site is rather high —the apparent Michaelis
constant for Mn2+ being about 1.2-10->M at pH 7.5 (Figs. 3a and 3b). Mg?+ was
found to act as a typical competitive inhibitor of this reaction. It can be estimated
from Fig. 3b that the reaction site combines with Mg?+ with an apparent dissociation
constant of approx. 7-107% M, an affinity equivalent to about 1/6 of that for Mn2+,
EDTA (1 mM) added to the reaction mixture completely inhibits the DCIP photo-
reduction.

The Mn?*+supported DCIP photoreduction is not stimulated by Cl- (Fig. 3a).
The involvement of Cl- in the Hill reaction's was recently reconfirmed and the Cl—-
requiring step was located close to the terminal water oxidation mechanism of Photo-
system IT'%. The lack of Cl- effect on the Mn2t reaction seems to indicate that the
site of intervention of exogenous Mn?* is located between the Cl--requiring step and
Photoact II. It seems possible that the component of the heated chloroplasts which
reacts with exogenous Mn?+ (or combines with Mg?* if forced) represents a denatured
‘apoenzyme’ of the Mn complex(es) originally involved in the mechanism of water
oxidation®.

This work was an extension of a series of studies on the Cl- effect carried out
in collaboration with Drs. G. Hind and R. L. Heath. Thanks are due to Dr. N. E. Good
for his gift of a new buffer (HEPPS) and to Miss Toyoko Tsukada for technical assis-
tance. The investigation was supported by grants from the National Research Council,
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Canada {A3743) and from the National Science Foundation, Washington, D.C.
(GB4568).
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