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1. Introduction

Digitonin fractionated thylakoid membranes into
light particles enriched in photosystem I and heavier
particles enriched in photosystem II [1]. The basic
action of digitonin was to separate the grana thyla-
koids from the intergrana thylakoids [2]. Thus the
heavy fraction (10 000 X g pellet, enriched in photo-
sytem II) consisted mostly of grana, while the light
fraction (10 000 X g supernatant, enriched in photo-
system I) consisted mostly of intergrana membranes.
This method has been used as a quick and easy
method to quantitate grana formation [3—5]. Grana
formation and a normal digitonin fractionation pat-
tern have been closely correlated [6] but have in the
presence of 0.1 M ammonium acetate no membrane
stacking to be observed with the electron micro-
scope, although a normal digitonin fractionation
pattern was observed [6]. This article reexamines
the digitonin fractionation method to ascertain
whether it is a reliable method for grana quantifica-
tion. Our data show that, at least under certain con-
ditions, factors other than the amount of grana
strongly influence this fractionation procedure.

2. Materials and methods

Chloroplasts were extracted from freshly harvested
spinach leaves in a tricine buffer (30 mM, pH 8.0)
containing NaCl (10 mM) and sucrose (0.4 M) and,
where indicated, MgCl, (3 mM). They were subse-
quently washed once and resuspended in the same
buffer, unless otherwise stated. The reaction solution
was the same medium minus sucrose, unless other-
wise stated.

Chloroplast membranes were fractionated with
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digitonin as in [1]. Prior to the fractionation step the
chloroplasts were washed with a solution containing
tricine (30 mM, pH 7.4}, NaCl (10 mM) and the
appropriate [MgCl,]. Chloroplasts were then sus-
pended in the same medium at 300 ug chl/ml and
digitonin (2%, w/v) was added to 0.5% final conc.
Treatment with digitonin was done with agitation at
0°C for 30 min when the chloroplast membrane-
detergent mixture was diluted with the same buffer,
maintaining the [MgCl,] unchanged. Separation of
the heavy and light membrane fractions was achieved
by centrifugation at 10 000 X g for 30 min. Chloro-
phyll was extracted with 80% acetone and a/b ratios
were determined according to the equations of [7].

Chlorophyll fluorescence was excited at 440 nm
and measured at 683 nm, at 4 ug chl/ml, in a Perkin-
Elmer MPF-3 spectrofluorimeter. Sample preparation
for electron microscopy was performed as in [8].
For the estimation of thylakoid membrane stacking,
14--20 randomly chosen chloroplasts were analyzed
for every sample. The chloroplast micrographs were
projected on a screen covered by randomly distrib-
uted points. The number of points lying on the
membranes was counted. The degree of stacking
(% stacked membranes) was determined by the ratio:
[2a/(2a + b)] X 100, where a is the number of points
on appressed membranes and b is the number of
points on single membranes.

Trypsin (type I) and soybean trypsin inhibitor
(type I-S) were purchased from Sigma Chemical Co.

3. Results
Fig.1 shows the effect of pH on digitonin frac-
tionation of chloroplast membranes. Data are pre-

sented for the light digitonin fraction, since changes
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Fig.1. The effect of pH on fractionation by digitonin of
chloroplast membranes. Chloroplasts were prepared in the
absence of MgCl,, as in section 2 and incubated for 30 min in
the washing buffer, After a subsequent centrifugation they
were directly resuspended in the various buffers at different
pH values for 6 min before digitonin addition (see section 2).
The different buffers used were: tricine (20 mM, pH 8.0),
NaCl (10 mM); morpholine ethane sulfonic acid (MES)

(20 mM, pH 6.9), NaCl (17.5 mM); MES (20 mM, pH 5.7),
NaCl (27 mM); MES (20 mM, pH 5.3), NaCl (28 mM); suc-
cinate (20 mM, pH 4.9), NaCl (6.2 mM); succinate (20 mM,
pH 4.3), NaCl (16 mM). The final [Na’] was 30 mN in all
cases. (#) The vield of the light digitonin fraction; (o) the
chl /b ratio of the light fraction; (%) the yield of the light
fraction after the addition of MgCl, (S mM); (u) the chla/b
ratio of the light fraction in the presence of MgCl, (§ mM).

in chl a/b ratios are more easily detected in this frac-
tion. Clearly, changes in yield of the heavy fraction
are directly related in an inverse fashion. Lowering
from pH 8—4.3 resulted in a massive decrease of the
light digitonin fraction, which at pH 4.3 was almost
eliminated. The effect of 5 mM MgCl,, added at

pH 8.0, is also presented. Mg>* at 5 mM is sufficient
to cause maximal grana formation (unpublished) and
it is also saturating for the production of the heavy
digitonin fraction [4]. In fig.1 the yield at pH 5.3 of
the light digitonin fraction was approximately equal
to that produced by 5 mM MgCl, at pH 8.0, whereas
pH <5.0 had a much more pronounced effect on
fractionation yield. Decreasing the pH also resulted
in a marked increase in the chl a/b ratio of the light
digitonin fraction. This effect became saturated near
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pH 5.0, at values close to those induced by 5 mM
MgCl, added at pH 8.0.

On the basis of electron microscope studies, we
have shown that lowering the pH causes grana forma-
tion which seemed to become maximal near pH 5.4
[8]. Fig.2 shows a pH titration of grana formation in
which it can be seen that pH 5.4 is indeed optimal
for grana formation. The value attained at this pH
is equal to that caused by 5 mM MgCl, added at
pH 8.0 and is in the range usually reported [9,10].

These experiments indicate that under certain
conditions the amount of chlorophyll in the digitonin
fractions need not be an accurate indication of grana
formation. To further investigate this we utilized the
fact that a brief treatment of chloroplast membranes
with trypsin, sufficient to eliminate the effect of
saturating concentrations of cations on the chloro-
phyll fluorescence yield (3—5 mM MgCl,), also elimi-
nates the grana elicited by the same cation concen-
trations [11,12]. The data in table 1 show that even
when the grana have been eliminated in this manner,
the addition of 5 mM Mg(Cl, is still capable of greatly
decreasing the light digitonin fraction and increasing
the heavy fraction, though the effect of MgCl; is
smaller after trypsin treatment. However, it should
be noted that this effect is not accompanied by
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Fig.2. The effect of pH on thylakoid stacking. Chloroplasts
were prepared in the absence of MgCl,. They were subse-
quently incubated at 20 ug chl/ml for 60 min at room tem-
perature at the various pH values. The different buffers used
were: at pH 8.0, 20 mM tricine; at the other pH values

20 mM MES; NaCl, added to give a final [Na'] 30 mN, was
193 mMatpH 8.0,18.7mMat pH 6.2,22.3 mM at pH 5.9,
25.2 mM at pH 5.75, 26.5 mM at pH 5.4, and 27.6 mM at
pH 5.2. () —MgCl,; (&) +5 mM MgCl,. Bars indicate the 95%
confidence limits for the mean.
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Table 1
The effect of addition of different {MgCl, ] on fractionation
of chloroplast membranes by digitonin before and after
treatment of membranes with trypsin

MgCl, concentration (mM)

0 5 50 100

Chlorophyll fluorescence

~Trypsin 29 61 61 54
+Trypsin 22 22 34 37
Digitonin fractions
—Trypsin
Light fraction
Yield (%) 60 16 18 26
Ratic afb 29 4.3 39 3.8
Heavy fraction
Yield (%) 40 84 82 74
Ratio afb 27 2.6 2.5 24
+Trypsin
Light fraction
Yield (%) 81 49 31 42
Ratio a/b 27 2.5 3.2 38
Heavy fraction
Yield (%) 19 51 69 58
Ratio a/b 2.7 2.8 2.5 2.0

enrichment of the light fraction of ¢hl &, as occurs
with membranes not subjected to trypsin treatment,
We would emphasize that electron microscope inspec
tion of chloroplasts after this trypsin treatment, in
the presence of 5 mM MgCl,, indicated the complete
absence of grana (not shown).

In table 1 it can also be seen that increasing MgCl,
to >5 mM, after tryptic digestion of the membranes,
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Chioropilasts prepared with MgCl, were freated at 20 pg
chi/ml with trypsin (1.2 ug/ml, 5 min) in the presence of
MgCl, (3 mM). The reaction was terminated by addition of a
50-fold excess of trypsin inhibitor. Control chioroplasts (not
treated with trypsin) were resuspended for § min at room
temperature in the absence of MgCl,. Thus both control and
trypsin-treated chloroplasts were unstacked. Subsequently,
MgCl, at various concentrations was added, or not, and the
chloroplasts were incubated in ice for 20 min, when they
were centrifuged down and washed once in the buffer used
for digitonin fractionation either in the presence or absence
of the appropriate [MgCl, . ‘Ratio’ indicates the chl a/b
1atio, and ‘yield’ indicates the % of total 2 + b chi found in
that particular fraction

leads to further decreases in the light digitonin frac-
tion, This did not occur with control, non-trypsin-
treated membranes. It can also be seen that these
relatively small changes in yield measured in the pres-
ence of 50 and 100 mM MgCl, (in trypsin-treated
membranes) are accompanied by quite large increases
in the chl /b ratio in the light fraction. This experi-
ment thus demonstrates that changes in yield and in
the chl a/b ratio in the digitonin fractions can occur
independently of one another.

Table 2 shows that thiseffect of MgCl, on the digi-
tonin fractionation pattern of chloroplast membranes
is in fact a cation effect, which can also be elicited
by the trivalent cation, tris(ethylenediamine)cobalt
(II) (TEC), at very low concentrations, and by
monovalent cations at high concentrations.

4. Discussion

These data demonstrate that estimates of chioro-
phyll membrane yield in the heavy digitonin fraction

Table 2
Effect of various salts on the vield of chlorophyll in the light digitonin fraction after trypsin treatment
Additions None MgCl, MgClL, Mg{CH,C00}, NaCli NaCi TEC
(0.5 mM) (5 mM) {5 mM) 20 mM) {150 mM) {50 M)
Chlorophyll fluorescence
~Trypsin 24 - 53 - - — -
+Trypsin 20 18 21 14 20 18 21
Light digitonin fraction
after trypsin treatment
Yield (%) 79 69 48 44 77 67 48
Ratio 2.9 2.8 2.8 2.7 29 29 2.8

Data are also presented for the chlorophyll fluorescence yield. For details of experimental procedure see the legend of table 1
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cannot always be assumed to indicate the extent of

grana formation in a chloroplast preparation. This

conclusion is based essentially on two observations:

(1) Direct quantification by electron microscopy of
grana formation induced by protons shows that
this phenomenon is complete at pH 5.3-5.4,
though digitonin fractionation studies indicate
that membrane yield in heavy fraction is maxi-
mal not at these pH values, but at or below
pH 4.3.

(2) Trypsin treatment of chloroplast membranes
sufficient to eliminate all grana in the presence
of 5 mM MgCl, does not eliminate the effect of
5 mM Mg** on increasing the heavy digitonin
fraction at the expense of the light fraction.

In arriving at this conclusion we do not intend to

detract from the conclusion that the heavy fraction

is grana enriched and the light fraction is enriched in
stroma lamellae [2]. Under ‘normal’ conditions at

~5 mM divalent cation, we find the same result.

The importance of the electrostatic potential at and
near the surface of chloroplast membranes in con-
trolling various cation-mediated effects on chloroplast
membranes, including membrane stacking has been
emphasized [5,13—15]. We have obtained data which
indicate that membrane unstacking elicited by trypsin
is also mediated by an increase of the negative surface
potential (R. C. J. et al., submitted). These considera-
tions suggest the possibility that the digitonin frac-
tionation of chloroplast membranes is controlled by
similar factors. The following data support this idea.
The isoelectric point of chloroplast membranes, as
measured by particle electrophoresis, is near pH 4.3
[16], and we observe that production by digitonin
of the light membrane fraction decreases on lowering
the medium pH to 4.3, at which ~97% of the mem-
branes are ‘heavy’ under our experimental conditions.
Monovalent, divalent and trivalent cations, in an
increasing order of efficiency, are all capable of
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influencing the yield of membrane fractionation, in

a manner which does not involve grana formation
(i.e., after trypsin treatment of membranes). This
order of cation effectiveness is predicted by the
hypothesis in [5,17]. Thus we envisage that cations
(by screening membrane surface charges) and protons
(by neutralizing membrane surface charges) influence
membrane organization in such a way as to bring
about changes in yield of the digitonin fractions.
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