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A bstract. A light flash of about 1 millisecond duration elicits tube transformation in
paracrystalline prolamellar bodies as well as maximal protochlorophyll (ide) photoconversion
in etiolated bean leaves (Phaseolus vulgaris L.). These findings support a more detailed
hypothesis on the linkage between tube transformation and protochlorophyll(ide) photoconver-
sion than has been offered previouslv.

Prolainiiell,ar bodies in proplastids of dark-grown
bean leaves ultimately fornm paracrystalline arrays
of conjoined tubular membranes. The initial light-
induced m)orphological change in such prolamellacr
bodies has been (lescribed as the dissection of the
tubular imiemiibrane elemiienits into disordered clusters
of vesicles and teriied tube trainsformatioin (4, 7. 1(0).
More recently. tu)e tran.sformation in at paracrys-
talline lprolanlellar body hias been interpreted as It
structural chacnge ;vhereb)v the order and regularity
of the mnem!braine system is largely lost, but mem-
brane continuitv is retained \without any dissection

'Iube tranusformnation has been correlated with
protochlorophyll (ide) plhotoconversion to chloro-
phyll(ide) a, because the action spectra anid energy
requiremetits of the 2 phenomena are similar or
ideentical (4, 7(10, 11). While it has been demon-
strated that most or all of the photoconvertible
protochlorophvll (ide) in etiolated barley leaves canl
be coniverted to chlorophyll (ide) by a light flash of
about 1.5 msec duration (9), the minimum irradia-
tion time showni so far to elicit tube transformation
in etiolated bean leaves is 10 sec (11).

This paper presents further indirect evidence
liniking protochlorophyll (ide) conversion and tube
transforniationi. A single, brief light flash can elicit
tube trans,formation as well as protochlorophyll(ide)
conversion in etiolated bean leaves. A physico-
chemical link between protochlorophvll (ide) photo-
conversion and tuibe transformation is proposed and
discussed.

'This investigation was supported by N SF grant GB-
2897.

Materials and Methods

Kentucky W;ronder bean seedlings (Phaseol i.s
vulqaris L.) were grown as described previously
(6). After 13, I., or 17 days, primary leaves were
harvested. -Xl operations requiring vision w\'ere
l)erforme(l under a dim green safelight until the
leaf material was fixed or pigments were extracted
wvith acetone.

By slitting both primary leaves along the midr-il),
tlle effects of 4 different treatments on half-leaves
from a sinigle plant can be compared. During 3
separate experiments, 2 half-leaves from each of a
total of 5 l)lanlts were compared electron micro-
scopicallv after receiving no experimental irradia-
tion or a single flash of light, respectivelv. The
other half-leaves from some of the plants were given
100 sec of tungsten filament illumination at intensi-
tie. of 30 or 40 ft-c or 3 flashes of light spaced
I mnin apart. Half-leaves with their abaxial sides
in contact with water-saturated Whatman number 1
filter paper were maintained in petri dishes from the
time they were cut until the beginning of the fixa-
tion procedure.

The light source for flash irradiations was a
Honevwell Strobonar 65c xenon photographic strobe
lamp. The energy input per flash was about 50
joules supplied from a 500 Ikf capacitor charged to
450 to 470 v before each discharge. Less than
0.1 msec elapsed between the initiation of a flash and
the rise to full intensity. Exponential dieaway to
one-third of the full intensity occurred in 0.7 msec.
The duration of a flash will be approximated as
1 msec, though the actual situation is more complex.
An aperture at the front of the strobe lamp, a colli-
mating lens, and a focussing lens limited the flash
to a circle about 28 mm in diameter at a distance
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of 38 cm from the lamp. Experimental half-leaves
in petri dishes were placed on this target circle for
flash irradiations.

A tungsten filanment lamp (75 or 100 w) suipplied
longer irradiations. To reduce the temperature rise
in the leaf material, the light was filtered through
a 3 to 4 cm water laver, and a fan moved air across

the system.
Sanmples of leaf tissue. to 2 mm,1112 anld free of

large veins, were fixed for 2 hr at 00 witlh 3 %
(w/v) potassium permanganate miiade uip in 0.1 m

phosphate btuffer (pH 7.5). Irradiated leaf tissue
was fixed promptly after the light treatnmenit. The
fixed leaf pieces were then dehydratedl with a stepped
series of increasing acetone concentrations, embedded
in an Epon plastic mixture and sectioned. Staining
of sections with barium permanganate sometimes

p)receded electron microscopy with a Philips EMI 200
-it 60 kv.

In 1 of the experiments, the percent of proto-

chlorophyll (ide.) photoconverted to chlorophyll (ide)
wals compared for leaves given a 1 msec light flash

vs. a 10 mim irradiation. One hundred anid sixty\
half-leaves without midribs, weighing 1.81 g, were

each given a 1 msec light flash during a 30 min
period. Protochlorophvll ( ide) photoconversion was

determined also on 6 g of leaves that received only
green safelight and on 3 g of leaves that received
10 min of light at 400 ft-c. In the latter 2 treat-

menits, the leaves, sprea(l in a single layer in glass-
covered moist chambers, retnained intact and folded
until their pigments were extracted.

Each of the 3 batches of leaf material was added
to 100 ml of cold acetone and grotund for 5 min in
an Omnimixer with the cup in an ice bath. The
lhomogenates were stored in darkness at 40 over-

night. Then, in dim white or green light, thev were

filtered throuigh Whatman No. filter paper. After
the pigments were transferred from acetone to ether,
sl)ectra were obtained with a Bausch and Lomb

Spectroniic 5)0.. 131anik readings were takeni at
690 my aiid subtracted from the ol)tical densities at
663 and 624 muj. The percent of protochloro-
l)h-ll(ide) converted to chlorophyll(ide) a was cal-

cilalted tusing the formula of Koski et al. (8).

Results and Discussion

Tube Transformnation. Half-leaves that received
n1o experimental irradiation contained characteristic
paracrystalline prolamellar bodies. The highly
ordered, conjoined tubes of such prolamiellar bodies
are shown in figure 1. Another half-leaf fromn the
same plant represented in figure I received a I msec

light flash. The aspect of its prolamiellar bodies
appears in figure 2. Tube transformation, recog-

nized by a disordering of the prolamellar body
membranes, resulted from the light flash. as it did
in 4 other tests. WVhen 3 light flashes or tungsten
filament irradiations were administered. tube trans-
formation occurred, also.

Some commiiients concerning the detectioni of tube
transformation and fixation methods are necessary.
Disordering of prolamellar body memnbranies has
been shown after a 5 min illutminiation at 7.50 to
1000 ft-c when followed by glutaraldehvde-osmiun
fixation (5). However, using the half-leaf com-
parison method and a number of irradiationi times
and intensities, I have in many cases failed to detect
tube transformnation after glutaraldehv-de-osiniunii
fixationi, although tuibe (lisor(lerinig was exident after
pernaingaiate fixationi (unllpuiblislhed data ). TwVo
alternative explaniationis of these results are: 1)
T'ube disordering is onfly triggered by a v,ery brief
illumination and( occtcrs physiologically after some
delay or mol-e rapidly througlh the action of per-
maniganiate, or 2) tutbe disorderinig actually occutrs
duiirinig a brief irradiation, anid if a stabilizinlg process
does not follow. the transformation is reversed by
gl-utalraldehli\de-osmiiiium fixationi but not 1y perman;-
ganate fixation. For the presenit dis-cussionl, it does
not miatter whether a I nmsec light flash causes
immiiediate tuhbe transformation or merely potelitiates

loss Of pL)aracrystalliiity subsequenltly and l)erllalps
(lutring pernmanganiate fixation.

Protochlorophvyll( ide) Photocorz;ersioni. Ether
extracts of leav-es fromii the samle groupl) of plants
riepresented in figures I anid 2 gav\e the absorptioni
spectra in figure 3. Control leaves that received
nio experimenital irradiationl had 3 % of their
protochlorophvll ( ide) coilverteed to chlorophyll (ide)
bv the greeni safeliglht. l eaves thalt were irradiatedl
"vith a mlsec light flash or 10 mimi of light at 404) ft-c
lhad 69 or 70) %, respectively, of their protochloro--
)hyll,(ide) converted to chlorophylll(ide). The latter
light dose exceededimore thani 25-fold the minimumi
dose required for tube tranisformation and satuirating
protochlorophyll (ide) )hotoconlversion inl similar
leaves (unlpublished dlat; ).

WV\hile this study pro\-es that a light dose w\hich"
elicits tube trans-formuation and maximal protochloro-'
phyll (ide') l)hotoconiversioni in etiolated bean leaves
Cal1n be delivered in about a msec, it provides no
evidence for simultanieity of the 2 phenomena. The
results do fulfill a prediction of the previously postlu-
lated (4, 7, 110,1) close relationship between proto-
chlorophyll (ide) photoconversion and tube trans-
formation: a 1 msec light flash which elicits maxi-
tiial protochlorophvll (ide) conversion also causes
tulbe transformatioi'.

To explain the apparent relationship betweeni
protochlorophyll( ide) photoconversion to chloro-
phyll(ide) a and tube transformation, a physicochem-
ical linkage between the 2 events provides an attrac-
tive hypothesis. Several lines of information are
significant in this regard. Protochlorophyll(ide) is
the light absorbing molecule for its own conversion
to chlorophyll(ide) a (8). and the action spectrum
for tube transformation is consistent with photo-
reception by protochlorophyll(ide ) (4, 7, 10). Tube
transformation is detectable after doses of mono-
chromatic red light that yield maximal or som.ewhat
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FIG. 3. Absorption spectra of leaf extracts in ether.

Protochlorophyll(ide) and chlorophyll(ide) absorption
maxima occur at 624 and 663 mu, respectively.

less than maximal protochlorophyll(ide) conversion
(10). The presence of protochlorophyll (ide) in
prolamellar bodies has been indicated by several
investigations (2, 3, 6, 7). There is evidence that
protochlorophyll holochrome is a constituent of the
tubular membrane elements of prolamellar bodies
(6). Boardman has suggested that the macro-

molecular protein portion of protochlorophyll holo-
chrome supplies the 2 hydrogen atoms for the photo-
conversion of the single protochlorophyll(ide) mole-
cule in each pigment-protein complex (1).

The following hypothesis is consistent with the
above information. Light energy absorption by pro-

tochlorophyll(ide) activates the photoconversion of
protochlorophyll holochrome, an integral component
of the tubular membrane of prolamellar bodies.
Hydrogen atom donation to protochlorophyll (ide)
from the membrane-contained protein coincides with
the formation or breaking of 1 or more bonds within
or among the protein macromolecules. After suffi-
cient time, or through the mediation of permanganate

fixation, this changed bonding among the protein
macromolecules permits the membranes to assume a

new, less ordered configuration. Thus, protochloro-

phyll (ide) photoconversion and tube transformation
(or its potentiation) may represent a single, photo-
dependent process.
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