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Abstract. The addition of 1-50 mM MgCl, to *“‘low salt” thylakoid membranes
causes a monotonic decrease in the transverse, aqueous proton relaxation rate
(R.=1/T,) and an increase in the 6-line ESR spectrum characteristic of free Mn(II)
but does not affect the oxygen evolution rate. These results suggest that magnesium ion
at low concentrations replaces Mn(II) from a very loosely bound pool which is not
involved in oxygen evolution. The decrease of R, is probably due mainly to the smaller
molar relaxivity of free compared with bound Mn(ll). R, can be affected by
conformational and structural changes involving the Mn(II) as well as by the amount of
Mn(Il) and the nature of its binding. However, MgCl, causes the same decrease in R,
for trypsin treated thylakoids, which do not undergo the gross structural changes, e.g.
grana stacking, that it produces in untreated membranes. R, measurements of isolated
light harvesting complex preparations indicate the presence of bound Mn in it; neutron
activation analysis of these samples shows that they have about one-third of the
functional manganese bound in thylakoid membranes — this may be the tightly bound

pool of Mn, but the results are not conclusive.

INTRODUCTION

" The manganese associated with photosystem II (PS II) in

chloroplasts is bound heterogeneously." About 2/3 of the
bound Mn is in a loosely-bound pool, the removal of
which leads to a proportional decrease in oxygen evolu-
tion. The function of the more tightly-bound 1/3 is
obscure. Values for the amount of chlorophyll (Chl) per
Mn bound in chloroplasts range from 14 to 600 Chi/Mn,
with the more recent data® converging on 100-200
Chi/Mn. Some of this variability may stem from differ-
ences in preparative methods which extract more or less
of the most loosely bound Mn. The oxygen evolving
activity of chloroplasts is lost in various treatments that
lead to release of the loosely-bound Mn; these include
Tris washing,” hydroxylamine extraction® and tempera-
ture shock.*® The remaining Mn cannot be released
readily by these treatments. The treated chloroplasts are
capable of electron flow from artificial electron donors
through PS II to the electron acceptors on the reducing
side of PS Il or 1.

Incubation of chloroplasts with chelating agents such
as ethylene diamine tetracetic acid (EDTA) does not
release manganese associated with O, evolution.*® Also,
such Mn does not exchange easily with other divalent
cations,® but it is slowly released™' by incubation with
relatively high (~ 200 mM) concentrations of Mg ion. In
the present work we have employed low concentrations
of MgCl, to explore further the heterogeneity of the
bound Mn. We have measured not only the O, evolution
rate but also the proton transverse relaxation rate (R, =
1/T,) and ESR spectra for aqueous suspensions of pea
chloroplasts as a means of determining changes caused in
the Mn by the MgClL. R, is known to be sensitive to the
amount and oxidation state of Mn present” and to the
extent and nature of its binding in a complex." In ESR,
free aqueous Mn(II) gives a distinctive 6-line spectrum®

while other oxidation states and bound Mn(II) give at
most very broad, weak absorption. As an aid in deter-
mining whether the structural changes® caused by MgCl,
contribute to the decrease it produces in R,, similar
experiments were performed on trypsin treated mem-
branes. Also, observations have been made of the man-
ganese in the light harvesting complex (LHC).'**

MATERIALS AND METHODS

Chloroplast Preparation

Chloroplasts were isolated by grinding pea leaves in a
Waring blender in a medium containing 0.4 M sorbitol
and 0.1 M Tricine-NaOH (pH 7.8). The slurry was
filtered through 4, then 12 layers of cheese cloth, and
then centrifuged at 1,000 X g for 10 min. The pellet was
washed once with unbuffered 10 mM NaCl and then
resuspended at a concentration of about 3 mg Chl/ml in
10 mM Tricine-NaOH at a predetermined pH in the 6.5
to 7.8 range as specified. Chlorophyll concentration was
determined by the method of MacKinney."

Trypsin Treatment

Chloroplasts were isolated, washed once in 10 mM
NaCl and resuspended in 100 mM sorbitol, 10 mM NaCl,
5 mM MgCl,, and 10 mM Tricine-NaOH (pH 7.8). For
trypsin treatment, thylakoid membranes were diluted in
the same buffer to a final Chi concentration of 100 pg/ml
and treated with trypsin (at 21°C) as described by
Steinback et al.” Trypsin from bovine pancreas, Type I1I

* This work is based on the Ph.D. Thesis of Rita Khanna
(University of Illinois at Champaign-Urbana, 1980).
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(12,000 units/mg protein), was added to a final concentra-
tion of 0.25 pg/ml. Trypsin digestion was stopped at
various time intervals by the addition of a twenty-fold
excess of trypsin inhibitor (from soybean, Type IS,
Sigma). Chloroplasts were pelleted by centrifuging at
10,000 x g for 10 min at 4°C and dispersed in 1 mM
Tricine-NaOH and 10 mM NaCl (pH 6.0). Polypeptides
of trypsin treated membranes were analyzed using
sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis as previously described.™"”’

Isolation and Purification of the Light Harvesting Com-
plex

Light harvesting complex (LHC) was isolated accord-
ing to the method of Burke et al."* The chloroplasts were
washed in low salt medium and incubated with 0.5%
Triton X-100 for 30 min at 21°C (Chl, 0.5 mg/ml). The
mixture was centrifuged at 40,000 X g to remove unsol-
ubilized membrane fragments and the supernatant was
loaded on a linear 0.1-1.0 M sucrose gradient and
centrifuged for 15 h at 100,000 X g using a Beckman
SW-27 rotor. The region of sucrose gradient showing
high fluorescence (containing the LHC) was removed
and the LHC was precipitated from this fraction by the
addition of 10 mM MgCl, and 100 mM KCI. The sample
was stirred briefly and then centrifuged for 10 min at
9,000 X g over a 500 mM sucrose cushion. The resulting
pellet yielded purified LHC.

Measurement of Oxygen Evolution

Oxygen evolved by repetitive flashes was measured
with a Clark (platinum/Ag-AgCl,) electrode and a Yel-
low Spring oxygen monitor (Model 53). Flashes of
saturating intensity and short duration (~ 10 ps) were
provided from a xenon flash lamp (General Radio
Stroboslave Type 1539-A). For measuring steady-state
O, evolution, saturating light (175 mW/cm®) from a
tungsten lamp was focused on the thylakoid suspension
through a Corning Glass CS 3-70 filter. The voltage from
the Clark electrode was recorded on an Esterline Angus
(Model E11015) recorder.

Measurements were made at a chlorophyll concentra-
tion of 20 pg/ml with 0.5 mM Fe(CN)” and 1 mM NH,Cl
included in the suspension medium.

Nuclear Magnetic Relaxation Measurements

The proton spin-spin (transverse) relaxation rate (R, =
1/T,) was measured from the exponential decay of echo
amplitudes in a Carr—Purcell (Meiboom-Gill modifica-
tion) train of rf pulses.” A 90° rf pulse was followed by
time 7 (500 ps), and then a series of 2,000 180° pulses
spaced 27 apart was applied. The R, was calculated from
the decay of the spin-echo envelope with time. The echo
heights of the envelope were sampled with an analog to
digital converter and the amplitudes were analysed by a
PDP-8f minicomputer using a least-squares program. All
measurements were made at room temperature (25 °C) at
a frequency of 26.89 MHz.

Electron Spin Resonance (ESR) Spectra

The ESR spectra were recorded as the first-derivative
with a Varian E-9 spectrometer (X band, 9.5 GHz). The
cavity was continuously flushed with dry N, gas. Unless
otherwise stated, the instrument conditions were: mic-
rowave power, 50 mW; modulation frequency, 100 kHz;
modulation amplitude, 10 G; time constant, 0.3 s; scan
rate, 250 G/min. Thylakoid samples (2.0-3.0 mg Chl/ml)
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were placed in a flat cell positioned with clips and all the
spectra were recorded at room temperature (23°C).
Approximate concentrations of free Mn(Il) were esti-
mated from the area under the second peak from low
field in the 6-line spectrum under the same conditions.

Manganese Determination

The manganese content was determined by neutron
activation analysis using the procedures described in
detail previously.”

RESULTS AND DISCUSSION
Effects of Mg Ion on Cation-Depleted Thylakoid Mem-
branes

Figure 1 (solid circles) shows the effect of increasing
concentrations of added MgCl, on the proton relaxation
rate R, of thylakoid membrane suspensions at pH 6.5,
depleted of cations by washing once with 10 mM NaCl.
There is a significant decrease in R, from 4.3t0 3.3s ™" as
the MgCl, concentration is increased to 20 mM, above
which there, is no appreciable further change (at least up
to 50 mM). The concentration of MgCl, required to
produce half of the maximum change in R, is ~ 3.5 mM.
A similar decrease in R, is seen in unwashed thylakoid
membranes upon the addition of MgCl,, except that a
much higher concentration of MgCl, (~20 mM) is
required to attain the half-maximal change (data not
shown). At pH 7.0 and 7.5 R, also is decreased by the
addition of MgCl,; however, the change is only about
half as large (10-15%) as that at a pH of 6.5 and requires
higher concentrations of MgCl, (6 mM half-change at pH
of 7.5).

Figure 2 gives ESR spectra of the membrane suspen-
sions at a pH of 6.5 as a function of added MgCl,. It is
seen that the amplitude of the 6-line spectrum ascribed'
to free Mn(Il) increases with increasing concentration of
MgCl,. Relative concentrations of Mn(II) in the suspen-
sions were estimated from the spectra and are plotted
(solid triangles) in Fig. 1. The increase in [Mn(II})] is a
mirror image of the decrease in R,. Also, the increase in
Mn(ll) is less at pH’s of 7.0 and 7.5, and occurs at higher
MgCl, concentrations. The sharp, central line at g = 2.0
in Fig. 2 is that designated™ as Signal I1; it is unaffected.
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Fig. 1. Effect of MgCl, in washed thylakoids on the water
proton relaxation rate R,, the O, evolution, and the free
manganese (as estimated from ESR spectra in Fig. 2). Thylakoid
membranes were washed once in unbuffered 10 mM NaCl and
resuspended in 10 mM Tricine (pH, 6.5), 400 mM sorbitol, 10
mM NaCl and MgCl, at the concentrations shown. R, was
measured at a chlorophyll concentration of 3 mg/ml.
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Fig. 2. Effect of MgCl, on ESR spectra of thylakoid mem-
branes washed as in Fig. 1. Instrumental conditions were as in
Materials and Methods except for receiver gain of 5 10° and
Chl concentration of 3 mg/ml.

ESR spectra were also run of aqueous 10 uM MnCl,
solution with low concentrations of MgCl, to determine
whether the changes observed in Fig. 2 could be attri-
buted to the effects of MgCl, upon the small amount of
free Mn(II) in the control suspension. There was a small
increase (~ 15%) in the peak amplitudes of the 6-line
spectrum, probably because of line-narrowing due to
decreased electron or nuclear relaxation rates of the
Mn(ID); but the effect saturated at ~ 1 mM MgCl, and is
negligible compared with the several-fold increase in Fig.
2 for chloroplasts. A comparison of the two sets of
spectra gives an approximate calibration for the amount
of Mn(II) released from the chloroplasts, the value at
20-50 mM MgCl, corresponding to ~0.15 pg Mn/mg
Chl. The total Mn content of the untreated membranes is
0.80 pg Mn/mg Chl.

The Mn(II) released by MgCl, at these low concentra-
tions has little or no effect upon the oxygen evolution.
This is shown in Fig. 1 by the steady-state evolution
observed for the washed membranes at pH 6.5 with
various amounts of MgClL. The O, evolved per flash is
also unaffected. Measurements with a Clark-type elec-
trode gave a value of 1 O, molecule per 2,600 =250 Chl
molecules per flash, with and without 10 mM MgCl, at a
pH of 7.5. This value is comparable with the photo-
synthetic unit size of 2,500 chlorophyll molecules/O,
reported in Chlorella.” These results are consistent with
the work of Govindjee et al.™ on O, yield/flash and on
charge separation at reaction center II (as measured by
515 and 320 nm absorption changes). The contrary
findings of Bose and Arntzen™ that O, evolution was
enhanced by low MgCl, concentrations appears to be an
artifact caused by its effect upon the rate at which
chloroplasts sediment.”

Thus, from our results it appears that thylakoid sus-
pensions can be prepared with about 20% of their total
Mn bound very loosely and not required for O, evolu-
tion. Removal of additional bound Mn by more drastic
treatments is known to affect O, evolution. Up to 2/3 or
so of such Mn can be removed by incubation of
thylakoids in 100-200 mM MgCl, for 20 to 90 min at 0 to
2°C, with a corresponding decrease in O, evolution by
the Hill reaction and an increase in the steady-state
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amplitude of ESR Signal’ II. Similarly, progressive re-
moval of Mn by incubation of thylakoids with increasing
ratios of [Mg(I))/[Chl] for 2 h at 4°C decreases R, and
R, as well as O, evolution.”

In the latter experiments, the chloroplasts were pre-
pared in a different medium (HEPES instead of Tricine)
and had a total Mn content” of 0.62 pg of Mn/mg of Chl.
This corresponds to the total Mn in the present prepara-
tions (0.80) less the maximum amount released ( ~ 0.15)
by the low concentrations of MgCl,. Removal of the very
loosely bound Mn can readily occur during preparation
of the chloroplasts, depending upon the conditions em-
ployed. For example, we have found from ESR spectra
that low [MgCl,] does not release Mn(ll) from chioro-
plasts prepared with HEPES or EDTA. Also, very
loosely bound Mn was not found by Chen and Wang’
who washed their chloroplasts with dilute Tris buffer
before extracting Mn with MgCl,.

A few observations can be made about the nature of
this very loosely bound pool. The amount of Mn released
corresponds to a concentration of ~ 8 uM free Mn(II). It
is noteworthy that it is released more readily under acidic
conditions. Some might be associated with Mn-
superoxide dismutase, but the amount of the latter is
small.* Finally, the decrease in R,, ~ 10° s™/mole Mn(II)
released, is comparable with the enhancement found in
the binding of Mn(I]) to small proteins."

Effects of Mg Ion on Trypsin-Treated Thylakoid Mem-
branes

Cations cause major structural and functional changes
in thylakoid membranes. Addition of low concentrations
of divalent cations to low-salt thylakoids containing
unstacked lamellae results in the formation of stacked
regions (grana).” This structural change is usually accom-
panied by an increase in quantum yield of PS II and a
decrease in quantum yield of PS I under low light
conditions.” Tt is known that the LHC of chloroplasts is
necessary for cation mediated grana formation and
energy redistribution between the two pigment systems.”
The proteolytic enzyme trypsin modifies the LHC at the
external surface of the membrane such that the mem-
branes do not exhibit cation induced structural changes.”
Such structural changes could lead to a change in the
environment of the loosely bound Mn, thereby affecting
the relaxation of water protons in the hydration sphere of
the Mn complex. In order to verify that the decrease in
R, upon MgCl, addition (Fig. 1) is due to the release of
Mn(II) and its lower relaxivity (Fig. 2) and not due to the
structural changes, we performed experiments on
trypsin-treated thylakoid membranes. Electrophoretic
analysis of the latter, of control membranes and of the
LHC isolated from them gave the polypeptide composi-
tions and differences reported by Steinback et al.”

The results for R, and O, evolution are summarized in
Table 1. R, decreases when 20 mM MgCl, is added to the

Table 1. Effect of MgCl, on R, and O, Evolution of Trypsin
Treated Thylakoid Membranes®

[MgClL,] R, O, evolution
mM s w equiv/mg Chl h™*
Control ~ Trypsin Control Trypsin
0 1.97 1.96 418+8 408+9
20 1.70 1.73 415+7 414=8

a. Chlorophyll concentration for R, was 1.8 mg/ml.
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membranes. However, the decrease for trypsin-treated
membranes is the same as for control membranes which
were carried through the same incubation without tryp-
sin. Moreover, in both samples the MgCl, releases
Mn(1l), as shown by an increase in the 6-line ESR
spectrum for free aqueous Mn(1l) (Fig. 3). Also, the Mg
ion does not change the rate of O, evolution in mem-
branes treated with trypsin for ~ 12 min (Table 1). Thus,
the effects of Mg ion persist in thylakoids that do not
undergo structural changes, confirming our earlier view
that low concentrations of MgCl, release Mn from a very
loosely bound pool not required for O, evolution.
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Fig. 3. ESR spectra of control and trypsin-treated thylakoid
membranes in the absence and the presence of 20 mM MgCl,.
Instrumental conditions as in Fig. 2 except for time constant of
0.1 s; receiver gain of 10* and Chl concentration of 2.4 mg/ml.

Manganese Content and R, of the Light Harvesting
Complex

The LHC, a pigment protein complex,” contains at
least three polypeptides (two major polypeptides of
23,000 and 25,000 daltons and one minor polypeptide of
29,000 daltons) and Chl a and b. The LHC in situ can
undergo self association in the presence of cations and
bring about cation mediated grana formation.” Thus, to
further assess the possible effects of structural changes on
the observed R,, we measured R, and Mn content of the
isolated LHC. However, the effect of Mg ion on the R, of
purified LHC could not be measured because isolation of
LHC entails high concentrations of MgCL."*

The R,, corrected for relaxation of the buffer, was
found to be 0.74 and 0.66 s, respectively, for thylakoid
membranes and for the purified LHC preparations ob-
tained from them (both with 0.3 mg Chl/m}). The corres-
ponding total Mn content was 0.8 and 0.4+04 ug
Mn/mg Chl. The R, and Mn content of the LHC are
unexpectedly high when expressed on a mg Chl basis,
indicating that the LHC preparation contains an appreci-
able portion of the Mn. Moreover, the molar relaxivity of
Mn in the LHC is nearly twice (1.8) that in the whole
membrane.

The Mn content of the LHC corresponds to 6.6 moles
Mn/mole Chl. For isolated LHC the average mole ratio
of Chl/polypeptide (23,000 molecular wt) has been deter-
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mined to be 13.4 with about 6 polypeptides/LHC," i.e.,
~ 80 ChI/LHC. This gives 0.53 Mn/LHC. Foyer and
Hall*® have also reported the presence of Mn in LHC.
Their analyses correspond to =< 1/2 as much Mn/LHC as
we find. However, there are several differences in the
materials and procedures.

The origin of the 0.4 ug Mn/mg Chl we find in the
LHC depends upon the nature of the heterogeneity of
Mn binding in the whole membranes. For example,
suppose that all of the tightly bound Mn is associated
with and retained by Chl in the LHC. The amount of
tightly bound Mn is about a third of the total in whole
membranes,'” excluding the very loosely bound Mn we
report here, i.e. ~3 (0.80-0.15)=0.22 pg Mn/mg Chl.
However, at most 60% of the total Chlis in the LHC” so
the ratio of tightly bound Mn to Chl in the LHC would be
=(0.22/0.6) = 0.37 pg Mn/mg Chl. This, in fact, is consis-
tent with the 0.40 figure actually found. On the other
hand, if the binding sites are distributed uniformly with
respect to Chl in the LHC and the rest of the whole
membranes, one would conclude that half of the 0.8 pg
Mn/mg Chl originally in the LHC had been lost during its
isolation, presumably the 0.15 very loosely bound and
0.25 of the 0.44 loosely bound.

It seems unlikely that the high Mn content of the LHC
is due to nonspecific association of free Mn during the
isolation procedure. The buffer for initial isolation of the
thylakoids included 5 mM EDTA. Also, dialysis of the
purified LHC with 1 mM EDTA did not remove Mn. The
R, of dialysed LHC is lower (0.3 s™* for 0.6 mg Chl/ml) as
compared to the undialyzed sample (0.66 s for 0.3 mg
Chl/ml) but analysis of the total Mn content gave 0.38 =
0.03 ug Mn/mg Chl after dialysis versus 0.40 before. The
decrease in R, is probably because EDTA replaces water
ligands on the bound Mn.

In any case it appears that as much as 60-100% of the
tightly bound Mn is associated with the LHC. No role has
been assigned to the tightly bound pool of Mn. Possing-
ham et al.”® showed that Mn deficiency had a large effect
on the structure of spinach chloroplasts, leading to a
progressive disorganization of the lamellar system. A loss
of structure could arise directly if Mn acts as an essential
structural link in the membranes, or indirectly if Mn
participates in some reaction which is required for the
production of molecules essential for the formation of
these membranes. It is not possible to distinguish be-
tween these alternatives. It seems likely that the tightly
bound Mn in LHC could play an important structural
role in chloroplasts.
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