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.4 bstract. 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 con,trast 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-
lamel,lar bodies.

When p)rolailellar l)odies formii itn the plastids of
dark-grown 'beani leaves, they first appear as clusters
of vesicles. 'I'hese vesicles theln fuse into ordered
groups of lonig tubes with few interconnections.
Eventually, most ititernal membranes of the plastids
exist as conjoilned, tubular elements of paracrystal-
line prolamellar bodies (,. 18). The geometry of
the paracrystalline stage has been described in detail
from electron micrograplls of thin sections (6. 7,
15, 16, 17).

The first light-elicited step in the morphological
aind functional transitions of tubular prolamellar body
milembranes inlto photosynthetic lamellae probably is
related to protochlorophylli( 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 memibranes of
etiolated bean leaf prolamellar bodies are similar or
identical ('11. 14). It seems important. therefore,
in gaining iinderstanding of the first step in the
transformiiation of tubular membranes into photo-
syntlhetic lanmellar systems (7, 11. 14) to know at
the miiolecuilar level the location and distribution of
protoclllorophyll (ide) in plastids with prolamellar
bodies.

The association of plrotochloropllyll( ide) w-ith
prolarmellar bodies was suggested by Boardman and
\Vrildman (4) and Boardman and Anderson (3)
through plhase contrast and flniorescence microscopic
observations of bean proplastids in suspensions. It
seemed reasonable that the dark bodies within pro-
plastids seen in phase contrast, which were the
e-xclusive province of red fluiorescence when irradi-
;ited with slhort wave blnle liglht, were identical w-itlh
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the prolamellar bodies seexi by electron microscop).
1Klein. lkry-n, and lBogol-ad ('11), combining fluores-
cence and electroon microscopy, obtained further
evidence for the association of protochlor(phvll (ide)
wvith prola,mellar bodies.

Photoreactiv e l)rotochloroplhylll(ide) is attache(l
to a specific proteini macromolecule, and the complex
in vitro is called protochlorophyll holochrome (13).
\ccording to Boardman (1), the molecular weight
of the complex is 6 -t 0.5 'X 10, and the diameter
of an individual macromolecule is 100 to 1IOA. As
reported here, the red fltuorescence 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 comnbining fluorescence microscopy and
negative contrast electron microscopy.

Materials and Methods

Red kidney beans (Phaseoluts vulgaris L.) were
planted in water-saturated expanded silica and
watered daily while growing in a dark chamber
maintained at 26o °.0A11 operations requiring
vision were performed uinder a dim green safelight.
After 13 to 15 days. prinmarv, 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 Ni sucrose,
0.003 Nr MgCl. 0.1 M tricine buffer (pH 7.5) in
an Omnimixer powered at 50 v. The homogenate
N%as then stirred with a spatula anid subjected to a
further 10 sec of grinding at 50 v. Cheesecloth and
Kleenex filtrations in succession removed leaf pieces
and all cells e_xce)t occasional hair cells from the
homogenate. The filtrate wvas centrifuged at 1500
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rp)iii in twN-o 50 nml tubes in a Soall SS34 r-otor for
15 miiiii, yielding Pellet T. The supl)erlnatant was
discarde(l. The pellet contained all of the intact
proplalsti(ls anid some of the naked prolamnellar blodies
that were iii the filtered leaf homogenate.

Pellet I wlas resuspended in 40 ml of grinding
medium wiih the aid of a Vortex Jr. Mixer and
then divided into four 10 ml saili,ples. Two saiples
\w-ere maintained as dark conitrols. aild the other 2
were irradi.Ated for 15 min iii a horizontal beai of
white light at an intensity of 95 + 10 ft-c. A
10 cmi vater layer was interposed betwveen the 75\V
tutngsteni filament lamp and the suspensions, an(ld ai
fani moved air over the system during the irradia-
tiomi. hlie 4 samples were then centrifuged at 1500
rpnm for 15 niin to produce Pellet II. One irradiated
sample and 1 dark control samiiple were resuspended
ini 2 nl each of grinding imiediuni. and the other
irradiated and dark control samples were fixed
without resuspension for subsequent thlini sectiollinig
nmd electron microscopy.

Phlase contrast and fluorescenice mnicro,copy were
performiied on drops of resuspended Pellet II. A
svsteni of Carl Zeiss components enabled simul-
taneous and independenit phase contrast and fluores-
cenice observatioiis. For negative contrast electron
microscol)y. sanl)les fromi the Pellet TI suspensions
were (lilited 1:9 with 4% (w/v) sodiunm phospho-
tungstate (PTA), (pH 7.0), and processed rapidly
wvithout further precautiolns against light and ther-
inal reactions. Drops of the PTA-diluted suspeni-
sions were placed on glass microscope slides for
prompt phase contrast and fluorescence microscopic
examiinationi and on parlodion-coated copper mesl
grids for niegative contrast electroni miicroscopy.

For thini sectioning, samiples of Pellet IT fromii
both irradiated and dark control material were fixed
for 1 hr at 00 in a I :1 mixture of 14 % (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 miii with a freshlyv prepared solution of
2.5 % (w/v) OS04 made up in 0.4 M sucrose. 0.05 Mi
tricine buffer (pH 7.5). BPecause OsO is reduced
by sucrose-tricine, the pellets were then transferred
for 1 hr at 00 to 2.5 % (v/v) OsO.imade 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 40 in 1 % (w/v) OSO4 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 oni
sectioned and negative-contrasted material witlh a
Philips EM-200 operated at 60 kv. Magnificationl
factors were obtained by the use of a diffraction
grating replica and, where possible. from the in-

ternal standard. phytoferritimi (9 ) witlh a newly
letermuinle(l (liamleter (unpublished data ) of 12.5A.

Results

Phase Contr(stI and F!uoIrcscc)cc 3illicroscop/y.
[lie following observations, imlade by light mlicro-
scopv oni suspensions and( electronll m11icroscopy o1n
tliiii sections. steiii froni viewing nmanv similar
lprel)arations. includilng the oiies described here. No
photoinicrographs are presented, because phase coil-
trast l)ictures of prolamellar bodies are available
(3). and the low intensity and fugacity of fluores-
cence from prolamellar bodies did not permit fluo-
rescence lphotography.

Resuspended Pellet 11. viewved in p)hase contrast.
containied 3 pronminent classes of proplastids, as well
as naked prolamellar bodies, and smaller l)articles
extending in size down to the limit of resolutioi.
The majority of the proplastids were highly refrac-
tile and had smlooth outlines. A secoiid class wvas
similar, but had jagged outlines. Neitlher of these
2 plastid types show-ed the internal dark spots
characteristic of prolamellar bodies in phase contrast.
but interiial red spots indicating prolamellar bodies
were seeii by- fluorescence microscop-. 'Both l)lastid
types are presniied to have been intact aiid shrunken
Iy- hypertonicity of the suspendimig miiedium, with
the differenice betweeni their internal densitv anld
that of the surrouiiding fluid accounting for their
nliiforiii brightness in plhase contrast. The jagged

profiles of the secoind class may have been caused
by interiial starch grains. Proplastids of the third
class vere larger. had lower refractility. and I or
iiore l)rolaniiellar bodies could be (dicerned in eachl
l)lastid. This class fitted the description of isolated
prol)lastids giveni by Boardmiiani alid WVildman (4)
and resembled closely Board'man and( Anderson s
(3) plhotonmicrographs of proplastids.
Naked prolamellar bodies. by phase contrast anid

fluorescence microscopy, appeared identical with
those remnaining enclosed within proplalstids of the
third class. Some particles smaller than prolamellar
bodies showed fluorescenice. Few 10o1 -ftluorescent
particles with the saiiie size as whole prohamellar
bodies were seen.

No consistenit difference betweenl irradiated and
(lark control susp)ensions was detected, though red
fluorescence somiietimiies seemed less in the irradiated
preparations.

The dilution of the suspenisionis with 1fT, soltu-
tioni ruptured all of the proplastids, but at least somiie
of the prolaniellar bodies appeared iiitact. Equiva-
leiit tonicity reduction by dilution withl water also
caused hysis. -Many l)rolamellar bodies in the PTA
solutioni, had irregular outlinies, indicating localized
swelling at their peripheries. The red fluorescence
of prolamellar bodies could still be stimnmlated.
though perhaps wvith dilmminishe(l intensity. No noln-
flutorescinig pacrticles in the rize ranige of prolamiellar
bodies were detectecl in the PTA\ solutions.
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FIG. 1. Negative conitrast image of the tubular membrane system of a prolamellar body. 61,OOOX.

Insert
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FIG. 2. Prolamellar body fragment in negative contrast showing macromolecules with a regu!ar 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,OOOX.
Inse.rt
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FIG. 3. Negative contrast view of a prolamellar body fragment showing several 3-membered junctions (Y) amonig
its tulbular nienil)rane elemenits; 1O0A particics appear in the non-tubular metmbrane segments (L). 80,000X.

Insert
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FIG. 4. Section from a pellet showing intact proplastids with stroma of high electron density (DS) and lower
densitY (LS). Paracrystalline p)rolamellar bodies (PPB) and prolamellar bodies with sparsely joined tubes (TPB)
are present both within aind 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 thf.t had beeii sedinientedl from
in the same suspension as this pellet. 30,OOOX.

Insert
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l'htis, the prel)arations that were examined later
by negative contrast electron microscopy lacked
proplastids but contained prolamellar bodies and
prolamiellar body fragmenits with attache(d proto-
chlorophyll (ide) or chlorophvll(ide). ilf any par-
ticles in the samile size range as prolaimell.ar bodies,
b)ut lackinig protochl-orophyll(ide) were presenit. they
escaped detection 1y light microscopy.

Alectro( MicroscoPy. Isolated prolamellar b)od-
ies and fragimienits from the noni-irradiated prepara-
tioni appe,ared as illustrated in negative contrast in
figures 1 to 3. irraadiatedlprolanmellar bodies looked
similar. rhe ouiter diameter of a ttiubular miiembrane
elemenit is abouit 280A. Trie electroildense channels
of the tl)es, which appear about 60 to 65A in
diamieter, siginify l)enetration of PTA inito the tuibes.
Regularly arranged macromiolecules are e\vident in
the tubuflar memibranes (fig 2). These niacromiiole-
cules seemi to be close-packed with ani axial center-
to celntel distance of 80A. Siimilar or identical
iiiacromilolecules can be seeli in nioni-tubular nmemii-
brane seigments whichi are conitiniois with tuibuilar
nenil)rane (fig 2 and 3). They often are angulai
or elliptical in profile an(d hav\e average diameters
of abouit IOOA.

B ranching o jIilctioIniig am1ion0g the tubula r
nieml)rane eleiieiits is showni in figures 2 and 3.
The \-shalped l)attern was the only mode of tube
branching that was seen clearly in negative contrast.
Occasionally. inemibrane of a jinction region wa.l[s
non-tu)ular (fig 3).

For comparison with the negative contrast
imiages, an electron micrograph of a sectioni of
Pellet 11 from the saine experiment is presented in
figtire 4. Thle particles received no white lighit
uintil aftel- fixation with osmiliiiliu tetrioxide had pro-
ceeded for over 1 hr. Intact proplastids with par-a-
cryvstalline prolanliellar bodies are present as well as
a naked prolainellar body \with ordered, conioine(l
tiubes. Somile laniellae occuIr at the peripheries of
prolaimellar bodies. Because of apparent greater
width xvhenl cuit at low- angles to their- faces. stich
lamellae cail be distiiigtiisle(d from tube plrofiles.
The electron delnsity of stroia varies as exl)ected
fromi the varied refractilitv of the proplastids when
viewed by phase contrast microscopy. Prolamellar
bodies at an earlier developmental stage 5, 18)
also are showin. Both transsverse sectionis and longi-
tudinal profiles of their lonlg tubes with sparse
interconnections can be seeni. fn longituidinal pro-
file the tuibe ouiter and inner diameters are approxi-
matelv 255A aind 60A, respectively.

No qualitative morphological (lifferencte \was (e-
tected here or previously ( 10) betweeni sections of
unirradiated lprolanlellar bodies anid those receivinig
light while in cell-free suspensions. This apparent
discrepancy with an earlier report (12) will be con-
sidered separately and is not crucial here. The
point is raised only to emphasize the imiiprobability of
detectable, light-dependent morphological changes in
the prolamellar body membranes during light micro-
sco-py or negative staining for electron microscopy.

Discussion

Trhe tentati\ve idlentification of protochlorophyll
holochromne as a constituientt of the tuibular niiewil-
branes of prolamiiellar bo(lies rests oln the following:
I) Red fluorescenice was observed in isolate(d )ro-
lamnellar bo(lies whose tuibes containied anid were
suirrotund(led by, PT.'TA soltutioni. Thus, it is likely that
the red-fliuorescing p)rotochlorophyll (ide) and its
l)hotoprodlulct are attached directly to the tubular
memnbralle elemietsts. 2 ) Trhe size of the mnacro-
molectules (letnlomistrate(l il p)rolamella r body nmem-
branes ( fig.- 2 and 3) is consisten-t with the size of
protochiloroplyll lholochromie.

Protocillorophvll lholochiromiie hias niot been l)rovedl
to exist as a lattiural copl)leX. The possibility re-
mains that the pigmiented mnacronlolecil e character-
ized in -iolution1is foirimed dIlluinig isolationi, perhaps
b1 the binding of plrotochlorophyll (ide). complexe(d
nlaitirall\l with a simialler plroteil, to Fraction I pro-
teini which lplysically resemiibles protochlorophbyll
holochroime ( 2). h'lie coIlcluisionl that a protochloro-
phll ( ide ) -plroteinl complex of some sort resides in
the tubular miemiibrane eleimelits of isolated prolamel-
lar bo(lies is liot affected 1w this qualification.
However, the tenitative identificatiotn of l)rotochlorno-
phyll holoclihrone in prolamilellar body miembrailes
rests on (dinienisionis.

The po..sibilitv of acconimodatinig protochloro-
phyll holochromein the tubtular mnemiiibranes cani be
consi(lereed nsing- koardinan's (I) size (leterulinatiomi
of the mailcromilolecules an(l by assigning 1 proto-
chlorophyll(ide)- molecuile to each (2). WAith the
tutbe inniier (lianiet(!'r as (A).\ and tllhe otuter as 280A,
the wall would have a thickiness of 1IWA. Since the
macromnolecuile.s are app)roxilliately isodianmetric and
have avera-ge (diamieters of about 100.\ (1), a
miiaximntumii of between 5 and 6 call be fitted in a
tranisverse plrofile of the tube wall. \ higher ntum-
ber of flattenied, trullcated cone-shape(d uniiits couild
occur.

'Trhe minimiumi surface area of tuhbe wall required
per close-packed minacromiolectle wotuld( be roughly
1 X 10' A2 in either case. Using oats, Gutninig
(6) anid Gun-ninig and Jagoe (7) have estimiiatedl the
total surface area, of tube memibrane per prolamellal
body (1.4 ,u diami.) to be of the order of 5O /A2 or
YX 1()' A2. Bean prolamellar bodies and their

tulbular elemenits have dimensions that are similar to
those of oat, so this estimate will be used here.
Each p)rolamellar body could then accommodate
about 5 X 0l protochlorophyll holochrome macro-
miolecules. Tlhe etiolated bean leaves used in this
study contained about 3 X 10-'10 mole of proto-
chlorophyll (ide) per leaf (unpublished data) anid
hence about 3 X 10-10 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 108 prolamellar bodies.

GvIdenholm (8) concluded that there are 2 X 108
proplastids per etiolated bean leaf. My determina-
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tionis (unpublished data) using an entirely different
method are in close agreement and indicate 5 to
7 X 108 proplastids per etiolated bean leaf. Pro-
plastids can contain more than 1 prolamellar body
(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
bodies in a leaf is somewhat higher than the ntumber
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 protochlorophvll holo-
chrome that an etiolated bean leaf mav conitain can
he accommodated spatially in the tubular membranes
of prolamellar bodies.

With the assumption that all of the macromole-
cules demnonstrated inimembranie in this stuldy have
identical shape, deductions concerning their packing
arrangement can be made. While many of the
macromolecules show diameters of about I nnA in
non-tubtular areas of membrane, the center to center
distance of the macromolecules averages 80A inI
8A(l)diameter. undistorted tulbe walls (fig 2). For

ttubular membrane, these images are consistent with
1) helical arrangement of approximately isodiametric
IOA particles in close contact or 2) ainutlar ar-
rangement of oriented. nioni-isodiametric particles.
In the latter case, each particle would be oriented
with its smaller diameter in the long axis of the tulbe
miiembrane and its larger diatmeter in the transverse
direction. .Another orientatioln with riespect to the
membrane suirface would be required for at least
-some particles in non-tubular membrane. The iioil-
tuibular membrane regions (fig 2 and 3) nmay repre-
sent distorted tubes or membrane continuous with
tlheni which swelled and collapsed duiring negativ-e
staining and drying. Alternatively. they may be
lamellae th.at were already present at the leripheries
of prolamiiellar bodies befolre negative staining
(fig 4).
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