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SUMMARY

The effect of light on the size and shape of whole spinach chloroplasts were studied
by observing the changes of the volume distribution, the packed volume, the light-
scattering cross-sectional area and the axial ratio measured by electron microscopy.
Upon illumination of a chloroplast suspension, the velume at the distribution maxi-
mum decreased to 51~78 °, of the volume before illumination. and this volume change
was reversed when the light was turned off. This phenomenon of shrinkage was con-
firmed also by the observations of the packed volum~ On the other hard, the light-
scattering cross-sectional area increased in the light and decreased in the dark.
These changes of the area were interpreted as due to the changes of the axial ratios
of chloroplasts, which were confirmed by electron-microscopic observations. These
results are presented in this paper together with the effects of ATP and the inhibitors
of photophosphorylation and the Hill reaction.

INTRODUCT.ON

In a previous study?, the sizes of chloroplasts, and grana were measured by two
recently developed techniques; the determination of the average sizes by the “tat-
tening effect’”” of DUYSENS?? as mecsured by tlie vpal-glass spectroscopic method* 6,
and the electric measurement of the volume distribution with the Coulter counter?.
The process of disintegration of whole spinach chleroplasts to grana with dodecyl-
benzene sulfonate could be followed aceurately and quickly by use of either of these
new techniques. Increasing attention has been given to the structural changes of
hiological particles such as the light-scattering changes upon shrinkage and swelling
of mitochondria coupled with phosphorylation, which are reviewed comprehensively
by PacKER® and LEHNINGER®. The success in these circumstances in measuring chloro-
plast sizes accurately and preciselv stimulated the authors to examine whether or
not illumination of chleroplasts causes any change of their size< or shapes. The fol-
lowing aifferent approaches were made to detect the changes: (i) the volume-dis-
tribution curves were measured with the Coulter counter; (ii} the light-scattering
cross-sectional areas were determined by measuring the rectilinear attenuation of
light through chloroplast suspensions; (iii} the packed volumes were estimated with
a haemotocrit after xation of chloroplasts in the dark or i the light and (ive the
axial ratios and structures were observed by electron microscopy. These different

* Mailieg address.
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measures of size and shape changed remarkably and reversibly vpon illumination of
chloroplasts, and the results are described in this paper together with the effects of
inhibitors on this phenomenon. After the present experiments were completed and
when this manuscript was in preparation, PACKER' reported a great change by
illumination of the go° scattering of light by chloroplast fragments, and correlated
the change with photophosphorylation. The results obtained in this study are dis-
cussed referring to his data.

EXPERIMENTAL

P:eparation of samples. Chloroplasts were squeezed out of leaves of spinach (Spinacia
slergcea) through cotton cloth intc n.04 M phosphate buffer (pH 7.2). The green juice
was centrifuged in a refrigerated centrifuge at 110 - g for 12 min. The sediment
was su-pended in the same and ice-cooled phosphate buffer, and filtered again through
the cloth to remove cell debris. The filtrate containing whole chloroplasts was in-
cubated in the dark at o° for 2 h, during which the chloroplasts isolated in the room
light were transformed into their daik states. After the incubation, the suspension
was diluted appropriately with 0.04 M phosphate buffer (pH 7.2) and was subjected
to various measurements. ‘

Volume distribution. The volume--distribution curves of chloroplasts as well as
the total number of chloroplasts per ml of suspension were measured with the Coulter
counter model A (see ref. 7) with an orifice of 100 u in diameter. The principle of
this instrument and its applicabilities to various biological particles were reviewed
in the previous paper!. The measurements were made in a dark room, since weak room
light affects the results. To observe the effect of illumination, the sample chloroplast
suspension of 50 ml in a beaker set in the instrument was illuminated through 5-cm
water laver with an incandescent lamp. The intensity of light at the surface of the
beaker was approx. 6000 lux. The same illuminating condition was adopted in the
measurements by other techniques described below. The temperature of the sus-
pensions ranged from 15-19°, but was fairly constant within +-0.5° during a series of
measurements to obs: rve the effect of light. In this paper, the total number of chloro-
plasts per mi of suspe:ssion is designaied as N, and the volume distribution is expressed
by the number, #, of chloropla:ts versus log. V., in which V is the volume of the
chleroplast in u®. In most of the experiment- to observe the effect of light, the change
of the number, N*, of the chloroplasts having a volume greater than the volume at
the distribution maximum in the dark was followed with time. This is because it takes
approx. 10 min to meastre the distribution curve and, during the measurement, the
woicite chaniges appreciabiy in the intermediate stage of shrinkage or swelling.

Light-scatlering cross-sectional area. The light-scattering cross-sectional areas of
chloroplasts were determined with a Cary recording spectrophotometer model 14M.
The rectilinear attenuance is a meusure of the attenuation oi light through a particle
suspension pertaining to the parallei !ransmitted light, and was definad as pEp =
log.I /I, where I, and I, are the intensitics of the parallel incident and transmitted
light beams, respectively. Two long and narrow slits were set, one between a 10-cm
cuvette and the monochromator and the other between the cuvette and the photo-
multiplier to eliminate almost all of the light scattered by chloroplasts in suspension.
As illustrated previously®, the follcwang relationship is obeyed for the rectilinear
attenuation of light: plp = 0.434 dNS® = 0,434 dNQS (n
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where d and S* are the thickness of the cuvette and the light-~c.ttring croas-sectional
area of the chloroplast, respectively. The ratio, @, of S* to the geometrical projected
area, S, bas been called the eficiency factor. In general, (f i~ a conplicated function
of the wavelength of the measuring light, the size and -hape of the particles and
refractive indices of the particles and the suspending medium, especiallv when the
particle radius is comparable to the wavelength. Vax pE Hrrst! nus mude u coin
prehensive survey of the theories and numerical results in this field. It was predicted
by these theories that, when the radius is comparable to the wavelength of the
measuring light and when the refractive index is not widely different from that of
the suspending medium, the value of () is roughly 2 and may vary somewhat around
this value. Previous observations® of Q for Chlorelia and veast cells showed that the
values are fairly constant on the level of the theoretical value in the visible region,
and the variations due to the selective scattering!2 13 are at most 20 “,. If the value
of Q is assumed to be exactly equal to 2.0, one can calculate the value of 5 from the
observed values of ,Ep and V. To minimize the effect of selective scattering, the ob-
servations were made at the wavelenth. ;50 mp, where chloroplast pigments show
no perceptible light absorption. The Beer’s law was obeved below pEp = 0.55 at
ti:is wavelength with a 10-cm cuveite, ~o that dilute suspensions of ,Ep = 0.35-0.55
were used for the measurements of S* or S. Roughly speaking, S* measures the pro-
jected area of the particle, since the light which has hit the particles is almost totally
eliminated in the measurement. Therefore, the value of §* should increase either
when the particle swells or when it is elongated.

Electron micrographs. Chloroplasts in suspension were preincubated in the dark
or in the light for 1 h, and were fixed with 1.25°, OsO, at pH 7.2 for 2 h under the
same light conditions. After dehydration, the specimens were embedded in a mixture
of styrene and n-butyl methacrviate (4:6) by the method of Kusaina!! Thin sections
were cut on a Porter-Blum ultramicrotome (Ivan Sorvall, Inc)), and the micro-
graphs were taken with a JEM-T6 clectron microscope (Japan Electron Gpiies Co).

Packed volume. Chloroplasts fixed as above were sedimented in a haematocrit
at 2700 - g for 40 min. The packed volume thus measured was divided by the
number of chloroplists in the suspension to estimate the average packed volume,
Vo, per chloroplast.

RESULTS
The effect of sllumination

The volume—distribution curve of the chloroplasts {(Sample No. 1 in Table I
incubated in the dark for 2 h is shown by Curve A in Fig. 1, which iadicates a sharp
distribution peak at log. | 'max = 1.95 or I'max = 89 p®. Tiiis sample, when illurninated
with white light for 30 min, underwent a marked change of distribution. As seen from
Curve B in the same figure, the distribution peak was shifted by illumination to
1og. Vimax == 1.65 or Um,x = 45 u® The relative change of the volume depends
considerably on the sample of chloroplasts. The measurements of several different
preparations of chloroplasts showed the shrinkage to 51--78 °, of the volume in the
dark. The pH optimum for the volume change was fcund to be 7.0-7.6 in phosphate
buffers of 0.04 M. All of the experiments in the present studv were, therefore, per-
formed at pH 7.2.

The process of the volume change can be followed senaitively and rapidly by
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measuring the number, .v*, of the chloroplasts having a volume greater than the
value of Vpax in the dark. For example, this number, N*, for Sample No. 1 before
illumination decreases to N¢® after illumination, as illustrated in Fig. 1. The time
course of the change of A'* upon illurnination is shown by Curve A in Fig. 2, which was
observed for the same sample of No. 1. The value of N* dropped rapidly in the first
5 min of illumination, and then gradually to approach a lower and constant level.
Repeated experiments showed that the time required for obtaining = constant reading
of N* varies frem 15-50 min, depending upon the activity of the sample. This pheno-
menon of shrinkage iv almost completely reversible. When the light was turned off,
the value of N* increased gradually, but the rate of reversion was so slow that it
usuallv took roughly 2 h to obtain the original reading of N'* before illumination.
The shrinkage and swelling ‘were 1epraiedly observable at least several times.
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Fig. 1. The volume distribution curves tigo 2 The time course of the shrinkage of chioro-
ot whole chloroplasts in the dark plasts in the light and the swelling in the dark as
(Curve A} and in the light (Curve i5). measured in terms of N* (Curve A) and pE, at

750 myu (Curve B).

The chloroplast suspension of No. 2 was divided into two parts. One part was
iuminat - for 1 h and fixed with 0<0, also in the light. and the other part was
treated < milarly but in the dark. The average packed vrlumes, V., per chloroplast
of these fixed samples showed al<o a considerable change due to illumination as
listed in Table I. This fact agrees quulitatively with the result obtained with the
Coulter cocunter. The value of ¥y is ho .“ever, appreciably greater than the value
of Vmax fur both samples in the dark and 1. the light. This is, probably, due to a
certain space left between chiloroplasts in their packed states. From the volume-
distribution curves of these samples before and after the fixation with OsO,, the
shrinkage of chloroplasts due to the fixation was estimated 10 be less than 109,
and the volume distributions of the fixed samples were unaffected by illumination.

The value of rectilincar attenuance at 750 mu of a chloroplast suspension responds
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also to illumination. The value increased in the light and this change was reversed
when the light was turned off (Curve B in Fig. 2). The direction of this change is
opposite to that of the volume change. As briefly introduced in the experimental
part, the attenuance value should increase either on th: swelling of chloroplasts
or on the deformation accompanied by an increase of the axial ratios. Since it is
certain from the changes of both Vimax and V' ti-at chloroplasts shrink o.. illu... uu <1,
the increase of the attenuance value in the light is interpreted as due to a considerable
change of the axial ratios, which would compensate and overcome the drop of the
attenuance due to the shrinkage. From the observed values of ,E, and N, the geo-
metricai and projected areas (S in Table I) in the dark and in the light were calculatad
to be 29 and 31 u?, respectively, assuming that the value of Q is equal to 2.0. Another
different feature of this attenuance change is that the change on illumination as
well as the reversion in the daik is completed within a period of 10 min, which is
considerably shorter than the time required ior the shrinkage observed in terms
of N*. This suggests that the deformation reflected in the attenuance change is com-
pleted before the volume change proceeds to completion.

TABLE |
THE SIZE AND SHAPE PARAMETERS OF CHLOROPLASTS IN THE DARK AND IN THE LIGHT

Vmax, the volume at the distribution maximum; I'p, the packed volume per chloroplast; i,

the rectilinear attenuance; S, the geometricai and projected area calcuiated from the light-

scattering cross-sectional area: and R, the average of the axial ratios of chloroplast sections as
measured by clectron microscopy.

Sample No. Paramcter Dark Lsght

1 Y maxi ™) *9 15

2 ‘vmu(lla‘) 39 ©3
Upiu™ 104 a0
whyp 0.390 0.415
Nt 29 31

3 Vmax () 50 36
R 1.96 2.34

The clectron micrographs of the chloruplasts fixed in the dark and in the light
showed a significant difference in shape (Fig. 3). The ellipsoidal chloroplasts in the
dark are flattened by illumination, and some of the sections of illuminated chloro-
plasts look like a long spindle or the crescent. The axial ratios of one hundred such
sections of the chloroplasts fixed in the dark w in the light were averaged. As listed
in the line of R in Table I, the change due to illumination is appreciable and is
more than the errors, i 0.05, due to random sampiings. It has to be noted here
that the average of the ratios of the thin sections cat at random is by no means equal
to and should be smaller than the ratio between the longest and the shortest axes
of the chioroplast. Therefore, the change of the average ratio from 1.96 to 2.34 is
an indication of a much greater change of the true axial ratio. This difference in shape
would result from or resalt in a change in the internal structures. Closer comparison
between the pictures of the chloroplasts fixed in the light and those fixed in complete
darkness seems to indicate a strurtural change of grana. The osmiophilic lavers appear
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Fig. 3. Electron micrographs of the thin sections of the chloruplasts fixed with 1.25%;, (080, in
0.04 M phosphate buffer (pH 7.2}, after 1 h of preincubation in the dark (Picture A), and those
fixed similariv after 1 b of illumination (Picture B).
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SHRINKAGE OF CFLOROPLASTS UPON ILLUMINATION 325
to be more closely situated with each other in the light than in the dark. This suggests
a slight expansion of each lamella after a sufficient time of incubation in the dark.
The results obtainable in the more detailed observations will be reported in future.

The cffect of reagents

The effect of ATP on the sizes of chloroplasts was studied bott. in the u.rk 1
in the light by measuring the change cf N'*. As shown by Curve A in Fig. 4, the value
of N* dropped instantaneously upon addition of 2 mM ATP in th.2 dark, and no further
change occurred after the addition. However, when this sample with ATP was
i'luminated, the value decreased further in the same manner as observed withoui
ATP. Curve B in the same figure shows the result obtained with 3 mM ATP
added to the chloroplasts in the light. Here again. the drop of N* due to the addition
occurred instantaneously. The slow decrease of N'* after addition of ATP in the light is,
probably, a residual change by light, which might occur without ATP. An increase
of ATP concentration to more than those used in the above experiments did not
increase the drop of N*. It is evident from these results that the addition of ATP
lowers the volume both in the dark and in the light. This effect is different from the
effect of light in that the drop of N* with ATP occurs instantancously while the
drop due to illumination proceeds with an observable rate.

Ammonium ion is known to be an uncoupler of photosynthetic phosphorylation.
Chloroplasts in suspension were incubated with 3.3 mM NH (Cl for 15 min iu the dark,
and the effect of illumination on this sample was examined. Curves A and B in Fig. §
show the results obtained for the samples with and without the uncoupler, respectively.
and indicate that NH Cl of the above concentration inhibits the shrinkage completeiy.
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Fig. 4. The effect of ATP on the shrinkage of

chloroplasts in the dark and in the light. ATP

was added before illumination ir. the measurc-

ment of Curve A and during illumination in
the measurement of Curve ¥

Fig. 5. Effect of NH (]l and n-phenanthroline
on the shrinkage of chiotoplasts; Curve A,
chloroplasts preincubated with 3.3 mM NH (1
in the dark for 15 min; Curve B, the control
without inhibitor; Curve C, preincubated with
2 mM o-phenanthroline for 1 s min . and Curve D,
2 mM o-phenanthroline added after 3 =un of
fllumination.
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The rectilinear attenuauce of the same sample with NH,Cl wes alsc unaffected by
illumination. At this concentration, NH,Cl did not inhibit the Hill reaction at all
as measured with 2,6-dichlorcphenolindophenol as the electron acceptui, or rather
slightly stimulated the reaction as observed by Goop.
Asmniatexpermtwasmdnctedmth:mllo—pbenmthmhne The treatmant
with this reagent for 15 min inhibited completely the shrinkage of the chloroplasts
with a low activity. However, the inhibition was incomplete for a different sample
with a high activity of shrinkage. An example of the latter case is shown by Curve C
in Fig. s, which indicates a drop of N* once lowered in the earlier stage of illumination
goes up to the value close to the level before illumination. The same concentration
oxo-pnena.nthrohnewasaddedtothe same ganole, but after 3 min of illumination
{an arrow in Fig. 5). The inhibition in this case started almost immediately after the
addition of the reagent. Hydroxylamine is iess effective as the inhibitor of the Hill
reaction than o-phenanthroline. The same sample of chloroplasts as used for the
measurement of Curve B was treated with 2 mM hydroxylamine for 15 min. The raic
of the decrease of N* by light was reduced by this treatment to 75 % of the control
without the inhibitor, the rate being greater than that cbserved with the same molar
concentration of o-phenanthroline. In this case again, the value of N* rose gradually
after a certain time of illumination. By contrast, the treatment with 2mM KCN showed
no effect, and the value of N* dropped with the same rate as that observed for the
control. In a previous study?, it was demonstrated that chloroplasts are swollen to
the maximal extent by treatment with 0.2 mM dodecylbenzene sulfonate for § min
and the Hill activity is completely lost on the swelling. The volume distribution of
the chloroplasts treated with the same concentration of dodecylbenzene sulfonate
was unaffected by illumination. The data obtained with these inhibitors indicate

a close parallelism between the shrinkage and photophosphorylation.

DISCUSSION

It was established from the measurements of both Vax and Vp that chloroplasts
shrink reversibly upon illumination. On the other hand, the rectilinear attenuance
increased also reversibly in the light. This phenomenon was interpreted as due to
a deformation of chloroplasts accompanied by an increase of the axial ratios, which
was confirmed by electrun-microscopic observations. As discussed above, the change
of the average of the axial ratios of thin sections from 1.96 to 2.34 would be an
indication of a much greater change of the true axial ratios. According to the most
secent obcervations by PACKER®, the go® scattering of light by chloroplast fragments
incrrased in the light and decreased in the dark. In our measurements of the rectilinear
attenuance, the light scattered by chloroplasts was almost totally eliminated, so that
the increase of E, by illuminatiun indicates an increase of the total scattering which
acoords with he result obtained by 2acxun. This agreement suggests that chloroplast
fragments also undergo & considerable shrinkage and deformation on {llumination,
although he did not discuss the scattering changes in terms of sise and shape.
Pacxzr cbeerved a close paralieliom between the scattering changes and photo-
phosphorylation. A shrinksge by addition of ATP has been obsssved for mito-
choadrie®® and erythrecytes™ after aging these particles. A similar efiect of ATP
was cbsetved in our experiments on chioroplasts. However, the addition was eflective
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both in the dark and in the light, and the change on the addiiion occurs instantane-
ously while the change by illumination proceeds with an observable rate. This may
or ma:’ not be accounted for by a simple mechanism that ATP is the substance
directly responsible for the shrinkage. Apart from the mechanism involved, the
shrinkage seems to have a close connection with the photophosphorylation by chloro-
plasts, since it was inhibited by ammonium ion, o-phenanthroline z:id aydru.cyinm..
but not by cyanide.

A parallelism exists between the time required for the shrinkage of chioroplasts
and the time of induction to attain a steady rate of photosynthesis by higher plants
and algae. The shrinkage is nearly complete< within 10 min in the light, and the in-
duction period of photosynthesis is usually several minutes or more as summarized
by RasiNowiTcHY. The induction period is, of course, dependent on the prehistory
of the sample before illumination, and a sample once illuminated requires 1 h or so
to return back to the completely dark state. Approx. 2 h required for compietion of
the swelling of chloroplasts in the dark may be related to the time of the reversion
to the dark state as measured by the induction period of photosynthesis.
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