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SUMMARY Field dispersion profiles of the proton spin-lattice relaxation rate,
Tl'I, in chloroplast suspensions show a local maximum near 20 MHz, probably due
to bound Mn(IT); EDTA extraction eliminates, and MnCl2 addition restores, the
paramagnetic relaxivity., Since neither treatment affects water oxidation, the
Mn(II) site monitored appears to lie outside the water-splitting enzyme. In-
tense illumination almost totally suppresses the paramagnetic relaxivity
through an electron-transport-dependent mechanism. Previous reports that
chloroplast nuclear magnetic relaxivity varies cyclically in flash experiments
require reevaluation in terms of the probable role of Mn(II) that is nonfunc-
tional in water oxidation.,

INTRODUCTION  The relaxivity of the water proton resonance in concentrated
suspensions of broken (Class II) chloroplasts has been reported to contain a
large paramagnetic contribution (1-5). This component of the spin-lattice re~
laxation rate, R} = 1/Tl, shows a local maximum in the dispersion profile (plot
of R]1 against Larmor frequency) near 20 MHz, which is suggestive of membrane-
bound Mn(II)(l). Correlations of Rj with oxygen evolution activity and chloro-
plast manganese content were also reported and interpreted as arising from
manganese in the water-splitting complex(3). Flash oscillations have been
observed in the spin-spin relaxation rate and interpreted in terms of oxidation
state changes of manganese, acting as an intermediate in the water-splitting
reaction(2,4,5).

The measurements reported in this communication suggest that functional
manganese does not contribute significantly to Ry in dark-adapted chloroplast
suspensions. Endogenousg nonfunctional Mn(II) is a potent relaxing agent that
probably accounts for previously observed effects in both dark-adapted and
flash-illuminated chloroplasts.

MATERIALS AND METHODS Broken chloroplasts were prepared from spinach as pre-
viously described(6), except that for some experiments, 1 mM EDTA was included
in the homogenization buffer; KCN/Hg-inhibited chloroplasts were prepared by

the method of Yocum and Guikema(7). The techniques for assay of 02 evolution
and photophosphorylation activity have been reported previously(6). The stand-
ard buffer used for chloroplast suspension and storage was 0.4 M sucrose, 20 mM

Tricine (pH 8) containing 15 mM NaCl. Samples (200ul) were illuminated where

ABBREVIATIONS nmr, nuclear magnetic resonance; DCMU, 3-(3,4-dichlorophenyl)-

1,1-dimethylurea; PS, photosystem,
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indicated with 1 x 106 ergsocm~2.s=l of white light filtered through 5 cm of
0.2% CuSO4. Spin-lattice relaxation times were measured on a Bruker B-KR 322s
pulsed nmr spectrometer using an external 7Li field lock and a flux stabilizer.
The sample temperature was controlled at 25 + 1°C, and the sample compartment was
carefully shielded from light., Data from the modified triplet sequence (8)
were digitized in a Fabri-Tek Model 1064 signal averager and analyzed in a
Commodore Model 2001 microcomputer, The measurement sequence was under micro-
processor control in the kinetic experiments.

RESULTS Figure 1 shows the effects of EDTA and added Mnt2 (as MnCly) on the
relaxivity of chloroplast suspensions. Chloroplasts prepared in the absence
of EDTA and washed once in the isolation buffer exhibit a relatively high re-
laxivity per mg chlorophyll (solid circles of Figure 1). The dispersion

profile of R} passes through a local maximum near 25 MHz. This type of dis-
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Fig. 1. Dispersion profiles of chloroplast suspensions and the suspending
buffer. From top to bottom, these profiles represent: Chloro-
plasts isolated without EDTA (closed circles); chloroplasts isolated
in EDTA, to which MnCly (25 uM final concentration) was added (open
triangles); chloroplasts isolated in EDTA, then washed {(opencircles);
chloroplasts isolated in EDTA and washed, to which MnCl; and EDTA
(25 uM and 1 mM final concentrations) were added (inverted triangles);
chloroplasts isolated in EDTA and resuspended in 1 mM EDTA (open
diamonds); resuspending buffer containing 25 uM MnCl; (closed tri-
angles); resuspending buffer (closed diamonds). The chlorophyll con-
centration was 2.3 mg/ml in all cases save for the experiment repre-
sented by closed circles, where the concentration was 2.5 mg/ml.

756



Vol. 93, No. 3, 1980 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

persive feature invariably results from a paramagnetic contribution to the
relaxation rate and is highly characteristic of macromolecular complexes of
divalent manganese(l). Similar measurements on other chloroplast preparations
have shown that the relaxivity (per mg chlorophyll) of chloroplast suspensions
in the absence of EDTA is quite variable. Addition of EDTA during resuspen-
sion produces a drastic reduction in Rj and eliminates the local maximum near
20 MHz (Figure 1, diamonds). This concentration of EDTA has little if any,
effect on oxygen evolution rates or photophosphorylation (Table I); EDTA is
nearly as effective in suppressing the paramagnetic contribution to R} when it
is included during homogenization of leaves and then removed by two subsequent
washes in the isolation procedure (Figure 1, open circles).

Experiments have been undertaken to determine whether exogenous Mn(II),
added at concentrations of 25~50uM, can bind to external sites on the thylakoid
membrane and produce a maximum in the dispersion profile that is similar to
the endogenous effect seen for chloroplasts prepared in the absence of EDTA.
In these experiments, a final concentration of 25uM MnCly was added to chloro-
plasts that were prepared in 1lmM EDTA and washed free of EDTA in two subsequent
sedimentation and resuspension steps. The resulting dispersion profile (tri-
angles in Figure 1) shows the enhanced relaxivity and local maximum near 20 MHz
that is characteristic of bound Mn(II). Free hexagquo manganese, when added at
an equal concentration to the isolation buffer, produces virtually no enhance-
ment of the relaxivity (Figure 1, solid triangles). Consequently, much, if
not all, of the added Mn*t2 must bind to sites on the thylakoid membrane.
Manganese bound to these sites remains chelatable by EDTA (Figure 1, inverted
triangles).

The effect of steady-state illumination on chloroplast relaxivity has been
studied in the presence and absence of added MnCl2, where chloroplast suspen-

sions were illuminated in saturating white light for one minute outside the nmr

Table I

Effect of EDTA on chloroplast oxygen evolution and photophosphorylationa

Addition to Rates of: P/e
assay ATP Synthesis Oxygen Evolution
(umoles/hr.mg chlorophyll)

- 448 193 1.16

1 mM EDTA 427 183 1.17

8The reaction mixtures contained chloroplasts prepared in EDTA and washed
(20 pg chlorophyll/ml); assay conditions are given in Reference 6. The
electron acceptor was methylviologen (66 uM).
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Fig. 2. Effect of illumination on the relaxivity of chloroplast suspensions.
The open circles represent changes observed with chloroplasts not ex-
posed to EDTA; the closed circles show data from a comparable experi-
ment with chloroplasts isolated in EDTA and then washed. The arrows
indicate initiation (up) and cessation (down) of illumination. The
chlorophyll concentration was adjusted to 2.3 mg/ml in both experi-
ments, and methylviologen (500 uM (open circles); 50 uM (closed
circles)) was present as an electron acceptor.

probe, Changes in the relaxivity at 20.7 MHz were monitored as a function of
time before and after illumination. The relaxivity of chloroplasts prepared
in the absence of EDTA decreases upon illumination (Figure 2, open circles).
The minimum relaxivity measured six seconds after cessation of illumination,
is very near the value found for dark-adapted EDTA-treated chloroplasts. The
return of R] to the dark-adapted state occurs over a time scale of several
minutes.

Chloroplasts from leaves that were homogenized in 1 mM EDTA and subsequent-
ly sedimented and resuspended twice in EDTA~free buffer do not show a light~
dependent relaxivity (Figure 2). This indicates that only the paramagnetic,
EDTA-chelatable portion of the relaxivity is light-sensitive. To reinforce
this conclusion, the experiment was repeated after addition to a final concen-
tration of 50uM MnCly to these chloroplasts. Most of the relaxivity arising
from added Mn(II) is light-sensitive (Figure 3). The return to the dark-adapted
state occurs again over a time scale of several minutes and, interestingly,
appears to follow complex kinetics.

Illumination experiments have also been performed in the presence of DCMU,
which inhibits reoxidation of the primary acceptor of PS II. Transientelec -
tron transport through PS I that is associated with removal of reducing equiv-

alents from the gquinone pool would not be inhibited under these conditions.
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Reconstitution by MnCly of light-induced relaxivity changes in
chloroplasts isolated in the presence of EDTA. The reaction mixture
contained 50 uM MnCl,, added as shown in the Figure, along with 50
UM methylviologen. The chlorophyll concentration was adjusted to 2.3
mg/ml; the arrows indicate the illumination period.

Figure 4a shows that DCMU diminishes, but does not eliminate, the light-depend-

ent relaxivity.

however, leads to a complete loss of the light effect (Figure 4b).

Inhibition of PS I activity by the combination of KCN and Hg,
Chloro-

plasts thus inhibited are devoid of the light-induced signals arising from

either endogenous or added Mn(II).

Fig. 4.
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Effect of electron transport inhibition on light-induced relaxivity
changes. In (a) the reaction mixture contained chloroplasts iso-
lated in EDTA and then washed (3.0 mg chlorophyll/ml) along with
MnClpy, methylviologen and DCMU, all at concentrations of 50 uM; in (b),
the reaction mixture contained KCN/Hg-inhibited chloroplasts (2.6 mg
chlorophyll/ml) and 50 uM methylviologen. No MnCls was added in the
experiment shown.
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DISCUSSION The data in Figure 1 and Table I show conclusively that 1 mM EDTA,
which has no effect on chloroplast oxygen evolution or photosynthetic phos-
phorylation activity, can dramatically influence the relaxivity of these pre-
parations. The identity of the relaxing species affected by EDTA as Mn(II) is
supported by the presence of a paramagnetic maximum near 20 MHz in the disper-
sion profile of R;, observed with chloroplasts not exposed to EDTA, and by the
appearance of a similar maximum in chloroplasts, prepared with EDTA, to which
Mn(II) has been added (Figure 1). The observations presented here as well as
other unpublished results shows that the dispersion profiles of chloroplasts
not exposed to EDTA are subject to wide variation. We ascribe this variability
to the presence of contaminating nonfunctional Mn(II). The dispersion profile
of fully functional chloroplasts prepared in the presence of EDTA, and then
washed free of the chelator shows no paramagnetic maximum, suggesting that the
relaxivity of isolated chloroplast suspensions must be due to loosely bound,
nonfunctional Mn(II).

Figures 2 and 3 demonstrate that illumination can produce a change in re-
laxivity only if loosely-bound EDTA-chelatable Mn(II) is present, either as a
contaminant (from chloroplast preparations conducted in the absence of EDTA),
or after intentional addition of the ion (to fully functional chloroplasts
prepared in the presence of EDTA). In both cases, illumination reduces the
relaxivity to a value approximating that seen in EDTA-treated chloroplasts,
and the kinetics of dark recovery of relaxivity are essentially the same in
both experiments. The use of selective inhibitors of photosynthetic electron
transport (DCMU, KCN/Hg) reveals that inhibition of PS I, rather than PS II,
is required to block light-induced changes in relaxivity.

We conclude, from the data presented here, that nonfunctional, EDTA-
chelatable Mn(II) is the predominant species responsible for the relaxivity of
chloroplast suspensions, and that previous reports (1-5) ascribing this phenom-
enon to functional Mn(II) associated with the water-splitting enzyme of chloro-
plasts are in error. This conclusion is strengthened by our data showing that
light-induced changes in relaxivity require the function of PS I rather than
Ps II.

We cannot presently explain the origin of the light-induced change in re-
laxivity by a simple mechanism. Certainly, the effect must be due to oxidation
of Mn(II) in a process which involves PS I, not PS II. To our knowledge there
is no evidence that Mn(II) is photooxidized directly by PS I; electron trans-
port catalyzed by this photoreaction does, however, generate superoxide ion
(9,10}, and it may be that this species serves as the oxidant of Mn(II).

Experiments to test this hypothesis are now in progress.
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