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Abstract.

Proplastids and prolamellar bodies with tubular membranes were isolated from

the dark grown primary leaves of bean seedlings (Phaseolus vulgaris L.). The combination of
fluorescence microscopy and negative contrast electron microscopy provided the tentative
identification of protochlorophyll holochrome as a constituent of prolamellar body membranes
and new evidence for solution-filled channels within the tubular membrane systems of pro-

lamellar bodies.

When prolamellar bodies form in the plastids of
dark-grown bean leaves, they first appear as clusters
of vesicles. Thesc vesicles then fuse into ordered
groups of long tubes with few interconnections.
Eventually, most internal membranes of the plastids
exist as conjoined, tubular elements of paracrystal-
line prolamellar bodies (35.18). The geometry of
the paracrystalline stage has been described in detail
from electron micrographs of thin sections (6,7,
15, 16, 17).

The first light-elicited step in the morphological
and functional transitions of tubular prolamellar body
membranes into photosynthetic lamellae probably is
related to protochlorophyll(ide) photoconversion to
chlorophyll(ide) a :(5.11, 14,18). The action spec-
tra and energy requirements for saturating proto-
chlorophyll(ide) conversion and potentiating the
initial disordering of the tubular membranes of
ctiolated hean leaf prolamellar bodies are similar or
identical (11,14). It seems important. therefore,
in gaining understanding of the first step in the
transformation of tubular membranes into photo-
synthetic lamellar systems (7,11.14) to know at
the molecular level the location and distribution of
protochlorophyll(ide) in plastids with prolamellar
bodies.

The association of protochlorophyil(ide) with
prolamellar bodies was suggested by Boardman and
Wildman (4) and Boardman and Anderson (3)
through phase contrast and fluorescence microscopic
observations of bean proplastids in suspensions. It
seemed reasonable that the dark bodies within pro-
plastids seen in phase contrast, which were the
exclusive province of red fluorescence when irradi-
ated with short wave blue light. were identical with
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the prolamellar bodies seen by electron microscopy.
Klein, Bryan, and Bogorad (11), combining fluores-
cence and  clectron  microscopy, obtained further
evidence for the association of protochlorophyll(ide)
with prolamellar bodies.

Photoreactive protochlorophyll(ide) is attached
to a specific protein macromolecule, and the complex
in itro is called protochlorophyll holochrome (13).
According to Boardman (1), the molecular weight
of the complex is 6 = 0.5 > 10°, and the diameter
of an individual macromolecule is 100 to 110A. Ax
reported here. the red fluorescence of protochloro-
phyll(ide) and the distinctive size of protochloro-
phyll holochrome permit. tentatively, the localization
of the pigment-protein complex as a component of
the tubular membranes of isolated prolamellar
bodies by combining fluorescence microscopy and
negative contrast electron microscopy.

Materials and Methods

Red kidney beans (Phaseolus vulgaris L.) were
planted in water-saturated expanded silica and
watered daily while growing in a dark chamber
maintained at 26 = 1°. All operations requiring
vision were performed under a dim green safelight.
After 13 to 15 days. primary, opposite leaves were
harvested and weighed. From the time of grinding
the leaves until the particles were fixed or observed,
the preparations were maintained at 2 * 2°

Thirty grams of leaves were homogenized for
10 sec in 90 ml of grinding medium 0.4 M sucrose,
0.003 » MgCl,. 0.1 M tricine buffer (pH 7.5) in
an Omnimixer powered at 50 v. The homogenate
was then stirred with a spatula and subjected to a
further 10 sec of grinding at 50 v. Cheesecloth and
Kleenex filtrations in succession removed leaf pieces
and all cells except occasional hair cells from the
homogenate. The filtrate was centrifuged at 1500
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rpm in two 30 ml tubes in a Sorvall SS34 rotor for
15 min, vielding Pellet T. The supernatant was
discarded. The pellet contained all of the intact
proplastids and some of the naked prolamellar bodies
that were in the filtered leaf homogenate.

Pellet T was resuspended in 40 ml of grinding
medium wiih the aid of a Vortex Jr. Mixer and
then divided into four 10 ml samples. Two samples
were maintained as dark controls, and the other 2
were irradiated for 15 min in a horizontal beam of
white light at an intensity of 95 =+ 10 ft-c. A
10 em water layer was interposed between the 73W
tungsten filament lamp and the suspensions, and a
fan moved air over the system during the irradia-
tion. The 4 samples were then centrifuged at 1500
rpm for 13 min to produce Pellet IT. -One irradiated
sample and 1 dark control sample were resuspended
in 2 ml each of grinding medium, and the other
irradiated and dark control samples were fixed
without resuspension for subsequent thin sectioning
and electron microscopy.

Phase contrast and fluorescence microscopy were
performed on drops of resuspended Pellet TI. A
svstem of Carl Zeiss components enabled simul-
taneous and independent phase contrast and fluores-
cence observations.  For negative contrast electron
microscopy, samples from the Pellet TT suspensions
were diluted 1:9 with 49 (w/v) sodium phospho-
tungstate (PTA), (pH 7.0), and processed rapidly
without further precautions against light and ther-
mal reactions. Drops of the PTA-diluted suspen-
sions were placed on glass microscope slides for
prompt phase contrast and fluorescence microscopic
examination and on parlodion-coated copper mesh
grids for negative contrast electron microscopy.

For thin sectioning, samples of Pellet IT from
both irradiated and dark control material were fixed
for 1 hr at 0° in a 1:1 mixture of 149 (v/v)
glutaraldehyde and 2X grinding medium lacking
MgCl,. The pellets were then washed rapidly 3
times with grinding medium and fixed further at 0°
for 15 min with a freshly prepared solution of
2.5 9% (w/v) OsO, made up in 0.4 M sucrose. 0.05 M
tricine buffer (pH 7.5). Because OsO, is reduced
by sucrose-tricine, the pellets were then transferred
for 1 hr at 0° to 259 (w/v) OsO,; made up in
0.05 M phosphate buffer (pH 7.5). From this time
onward, white light was used when convenient. The
final step in the fixation procedure was an overnight
soak of the pellets at 4° in 1 9% (w/v) OsO, made
up in 0.08 ™M phosphate buffer (pH 7.5). The
pellets were dehydrated by passing them through a
stepped series of increasing acetone concentrations.
The preparations were then embedded in an Epon
plastic mixture and sectioned. Sections .were stained
with uranyl magnesium acetate and lead citrate in
succession. Electron microscopy was carried out on
sectioned and negative-contrasted material with a
Philips EM-200 operated at 60 kv. Magnification
factors were obtained by the use of a diffraction
grating replica and, where possible. from the in-
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ternal  standard, phytoferritin (9) with o newly
determined diameter (unpublished data) of 125A.

Results

Phase Coutrast and Fluorescence Microscopy.
The following observations, made by light micro-
scopy on suspensions and electron microscopy on
thin  sections, stem from viewing many similar
preparations, including the ones described here. No
photomicrographs are presented, because phase con-
trast pictures of prolamellar bodies are available
(3). and the low intensity and fugacity of fluores-
cence from prolamellar bodies did not permit fluo-
rescence photography.

Resuspended Pellet 11, viewed in phase contrast.
contained 3 prominent classes of proplastids, as well
as naked prolamellar bodies, and smaller particles
extending in size down to the limit of resolution.
The majority of the proplastids were highly refrac-
tile and had smooth outlines. A second class was
similar, but had jagged outlines. Neither of these
2 plastid types showed the internal dark spots
characteristic of prolamellar bodies in phase contrast.
but internal red spots indicating prolamellar bodies
were seen by fluorescence microscopy. Both plastid
types are presumed to have been intact and shrunken
by hypertonicity of the suspending medium. with
the difference between their internal density and
that of the surrounding fluid accounting for their
uniform brightness in phase contrast. The jagged
profiles of the second class may have been caused
by internal starch grains. Proplastids of the third
class were larger. had lower refractility. and 1 or
more prolamellar bodies could be discerned in each
plastid. This class fitted the description of isolated
proplastids given by Boardman and Wildman (4)
and resembled closely Boardman and Anderson’s
(3) photomicrographs of proplastids.

Naked prolamellar bodies. by phase contrast and
fluorescence microscopy, appeared identical with
those remaining enclosed within proplastids of the
third class. Some particles smaller than prolameliar
bodies showed fluorescence. Few mnon-fluorescent
particles with the same size as whole prolamellar
bodies were seen.

No consistent difference between irradiated and
dark control suspensions was detected, though red
fluorescence sometimes seemed less in the irradiated
preparations.

The dilution of the suspensions with PTA solu-
tion ruptured all of the proplastids, but at least some
of the prolamellar bodies appeared intact. Fquiva-
lent tonicity reduction by dilution with water also
caused lysis. Many prolamellar bodies in the PTA
solution, had irregular outlines, indicating localized
swelling at their peripheries. The red fluorescence
of prolamellar bodies could still be stimulated.
though perhaps with diminished intensity. No non-
fluorescing particles in the size range of prolamellar
bodies were detected in the PT.A solutions.
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Fic. 2. Prolamellar body fragment in negative contrast showing macromolecules with a regular axial center to
center spacing of 80A in the tube walls (best evident in segments denoted by 2-headed arrows) and 100A particles
in non-tubular membrane segments (L). Phytoferritin (PF) provides an internal magnification standard. 130,000 .
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F1c. 3. Negative contrast view of a prolamellar hody fragment showing several 3-membered junctions (Y) among
its tubular membrane elements; 100A particles appear in the non-tubular membrane segments (L). 80,000 .
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F16. 4. Section from a pellet showing intact proplastids with stroma of high electron density (DS) and lower
density (LS). Paracrystalline prolamellar bodies (PPB) and prolamellar bodies with sparsely joined tubes (TPB)
are present both within and outside of proplastids. Lamellae (L) appear at the peripheries of prolamellar bodies.

The images in figs 1 to 3 were gained from resuspended particles of another pellet that had been sedimented from
in the same suspension as this pellet. 30,000<.

Insert
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Thus, the preparations that were examined later
by negative contrast electron microscopy lacked
proplastids but contained prolamellar bodies and
prolamellar body fragments with attached proto-
chlorophyll(ide) or chlorophyll(ide). Tf any par-
ticles in the same size range as prolamellar bodies,
but lacking protochlorophyll(ide) were present. they
escaped detection by light microscopy.

Electron Microscopy. Tsolated prolamellar bod-
ies and fragments from the non-irradiated prepara-
tion appeared as illustrated in negative contrast in
figures 1 to 3. Irradiated prolamellar bodies looked
similar.  The outer diameter of a tubular membrane
element is about 280A. The electron dense channels
of the tubes, which appear about 60 to 65A in
diameter, signify penetration of PTA into the tubes.
Regularly arranged macromolecules are evident in
the tubular membranes (fig 2). These macromole-
cules seem to be close-packed with an axial center
to center distance of 80A. Similar or identical
macromolecules can be seen in non-tubular mem-
brane segments which are continuous with tubular
membrane (fig 2 and 3). They often are angular
or elliptical in profile and have average diameters
of about 100A.

Branching or junctioning among the tubular
membrane elements is shown in figures 2 and 3.
The Y-shaped pattern was the only mode of tube
branching that was seen clearly in negative contrast.
Occasionally, membrane of a junction region was
non-tubular (fig 3).

For comparison with the negative contrast
images, an electron micrograph of a section of
Pellet 11 from the same experiment is preﬂented in
figure 4. The particles received no white light
until after fixation with osmium tetroxide had pro-
ceeded for over 1 hr. Intact proplastids with para-
crystalline prolamellar bodies are present as well as
a naked prolamellar body with ordered, conjoined
tubes. Some lamellae occur at the peripheries of
prolamellar bodies. Because of apparent greater
width when cut at low angles to their faces. such
lamellae can be distinguished from tube profiles.
The electron density of stroma varies as expected
from the varied refractility of the proplastids when
viewed by phase contrast microscopy. Prolamellar
bodies at an earlier developmental stage (3, 18)
also are shown. Both transverse sections and longi-
tudinal profiles of their long tubes with sparse
interconnections can be seen. In longitudinal pro-
file the tube outer and inner diameters are approxi-
mately 255A and 60A. respectively.

No qualitative morphological difference was de-
tected here or previously (10) between sections of
unirradiated prolamellar hodies and those receiving
light while in cell-free suspensions. This apparent
dxscrepancv with an earlier report (12) will be con-
sidered separately and is not -crucial here. The
point is raised only to emphasize the improbability of
detectable, light-dependent morphological changes in
the prolamellar body membranes during light micro-
scopy or negative staining for electron microscopy.
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Discussion

The tentative identification of protochlorophyll
holochrome as a constituent of the tubular mem-
branes of prolamellar bodies rests on the following:
1) Red fluorescence was observed in isolated pro-
lamellar bodies whose tubes contained and were
surrounded by PTA solution. Thus, it is likely that
the red-fluorescing protochlorophyll(ide) and its
photoproduct are attached directly to the tubular
membrane clements. 2) ‘The size of the macro-
molecules demonstrated in prolamellar hody mem-
branes (fig 2 and 3) is consistent with the size of
protochlorophyll holochrome.

Protochlorophyll holochrome has not heen proved
to exist as a natural complex. The possibility re-
mains that the pigmented macromolecule character-
ized in solution is formed during isolation, perhaps
by the binding of protochlorophyli(ide). complexed
naturally with a smaller protein, to Fraction T pro-
tein which physically resembles protochlorophyll
holochrome (2). The conclusion that a protochloro-
phyll(ide)-protein complex of some sort resides in
the tubular membrane elements of isolated prolamel-
lar bodies is not affected by this qualification.
However, the tentative identification of protochloro-
phyll holochrome in prolamellar body membranes
rests on dimensions.

The possibility of accommodating protochloro-
phyll holochrome in the tubular membranes can be
considered using Boardman's (1) size determination
of the macromolecules and by assigning 1 proto-
chlorophyll(ide) molecule to each (2). With the
tube inner diameter as 60A and the outer as 280A,
the wall would have a thickness of 110A.  Since the
macromolecules are approximately isodiametric and
have average: diameters of about 100A (1), a
maximum of between 3 and 6 can be fitted in a
transverse profile of the tube wall. .\ higher num-
ber of flattened, truncated cone-shaped units could
occur.

The minimum surface area of tube wall required
per close-packed macromolecule would be roughly
1 X 10" A? in either case. Using oats, Gunning
(6) and Gunning and Jagoe (7) have estimated the
total surface area of tube membrane per prolamellar
body (1.4 px diam.) to be of the order of 50 u® or
5 X 10 A% Bean prolamellar bodies and their
tubular elements have dimensions that are similar to
those of oat, so this estimate will be used here.
Ilach prolamellar body could then accommodate
about 5 X 10 protochlorophyll holochrome macro-
molecules. The etiolated bean leaves used in this
study contained about 3 X 107 mole of proto-
chlorophyll(ide) per leaf '(unpublished data) and
hence about 3 X 107° mole of protochlorophyll
holochrome ‘per leaf. The number of protochloro-
phyll holochrome macromolecules per leaf then would
be about 2 X 10'4, and this many would fit in the
membranes of about 4 X 10% prolamellar bodies.

Gyldenholm (8) concluded that there are 2 X 10°
proplastids per etiolated bean leaf. My determina-
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tions (unpublished data) using an entirely different
method are in close agreement and indicate 5 to
7 X 10% proplastids per etiolated bean leaf. Pro-
plastids can contain more than 1 prolamellar hody
(7). and Boardman and Wildman (4) have ob-
served up to 4 or 5 fluorescent bodies in a single
proplastid. Accordingly, the number of prolamellar
hodies in a leaf is somewhat higher than the number
of proplastids.

Obviously, the foregoing calculations include
diverse and necessarily imprecise data. They per-
mit. nevertheless, the suggestion that, to the nearest
order of magnitude, all of the protochlorophyll holo-
chrome that an etiolated bean leaf may contain can
he accommodated spatially in the tubular membranes
of prolamellar bodies.

With the assumption that all of the macromole-
cules demonstrated in membrane in this studv have
identical shape, deductions concerning their packing
arrangement can be made. While many of the
macromolecules show diameters of about 100A in
non-tubular areas of membrane, the center to center
distance of the macromolecules averages 80A in
280A diameter, undistorted tube walls (fig 2). For
tubular membrane, these images are consistent with
1) helical arrangement of approximately isodiametric
100A particles in close contact or 2) annular ar-
rangement of oriented. non-isodiametric particles.
Tn the latter case, each particle would be oriented
with its smaller diameter in the long axis of the tuhe
membrane and its larger diameter in the transversc
direction. Another orientation with respect to the
membrane surface would be required for at least
some particles in non-tubular membrane. The non-
tubular membrane regions (fig 2 and 3) may vepre-
sent distorted tubes or membrane continuous with
them which swelled and collapsed during negative
staining and drying. Alternatively. they may be
lamellae that were already present at the peripheries
of prolamellar bodies before negative staining
(fig 4).
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