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Abstract

The action of light on the protochlorophyllide-protein complex was studied in-intact, etiolated o

leaves using low-temperature spectrofiuorometry and short-time illuminations (less than 1s to
1 ms). The first spectral changes observed were shown to correspond to the photoproduction
within very short times of a particular pigment form, different from the chlorophyllide-lipoprotein
complex, which was called Pggg_ ¢76. The kinetics of these changes was found to be of the first
order when 647 nm photons (or photons of longer wavelengths) were used; it was not of the first
order when 630 nm photons (or photons of shorter wavelengths) were used. A plausible preli-
minary model involving two kinds of lipoprotein-protochlorophyllide complexes, one of which
receives light energy from an accessory pigment, is proposed to account for the experimental facts.

SmiTH and BeNITEZ (1954) concluded that in etiolated barley the photoreduction of protochloro-
phyllide into chlorophyllide was not strictly photochemical and that it involved intermolecular
interactions, the nature of which was unknown. Working with a protochlorophyllide-lipoprotein
complex from etiolated bean leaves, BOARDMAN (1962) came to a somewhat different conclusion.
He found that, although not purely photochemical, the process did not involve a collision between
two independent molecules. Both authors agree that the kinetics of the photoreduction was not
a first order one and that the rate of the conversion was dzpendent on temperature. BOARDMAN
proposed three models in order to explain the kinetics data, but he was unable to decide between
them. ' )

We recently obtained evidence indicating that the reduction of protochlorophyllide into chloro-
phyllide was indeed a rather complicated process involving at least two steps. A first step occurs
as the result of photon absorption by pigment(s); it is followed by another step which leads to the
reduced product. We previously summarized the experimental evidence and the preliminary con-
clusions to be derived (SIRONVAL and MICHEL 1967; SIRONVAL et al. 1967). A somewhat more
extensive and more exact treatment (although still preliminary) is given in SIRONVAL et al. (1968).

The present paper deals in detail with some properties of the first, light dependent,
step. This step in some way modifies the protochlorophyllide-lipoprotein complex;
it produces an optical shift, the characteristics of which are described. The effects of
temperature on the light step, as well as other information on the overall process of

protochlorophyllide reduction will be given in subsequent papers.

* Received June 28, 1968.
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REDUCTION OF PROTOCHLOROPHYLLIDE INTO CHLOROPHYLLIDE I.

The separation of the events into several steps was obtained by performing the
light reaction within very short times (from 1 ms to less than 0-5s) and by freezing
the material in liquid nitrogen immediately after irradiation. Preliminary experiments
showed that the rate of the optical shift depended essentially on the number of pho-
tons I reaching the sample per unit time and unit area (light intensity =
= Leinstein s-1 cm-2)- Using very high values of 7 it was possible to complete the shift
in times much shorter than 1 ms. For convenience, one ms “saturating” flashes are
used in the present paper as a standard procedure for performing the complete
phototransformation within very short time intervals. The use of 1 ms flashes for the
phototransformation of protochlorophyllide was introduced by MADSEN (1963).

MATERIAL AND METHODS

Leaf material: Beans were sown in complete darkness at 23°C -+ 2 in pots containing vermiculite

moistened with tap water. Germination genefally occurred 2 days after sowing. The two primary -

ctiolated leaves were used between the 20th and the 30th day after germination. All manipulations
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Fig. 1. The devices 4 and B used for sample illumination (explanations in the text). A glass
infrared filter and a layer of water were placed between the filter Fand the Xenon lamp X (not
drawn on Fig. 1A) — air being continuously blown around the Xenon lamp and the filters.
The lamp itself was stabilized by the standard Zeiss stabilizing device.

for growing the plants or preparing the samples for the illumination occurred in the presence of
a green safe light of low intensity and consisting of an Osram 4543 lamp surrounded by a neutral
filter plus green cellophane (maximum transmission at 520 nm). Tt was verified that this light
had no effect on the spectroscopic properties of the ctiolated leaves. Only mature leaves were used
in the experiments reported here. Such leaves are characterized by a low temperature emission at
657nm 5 to 7 times more intense than the corresponding emission at 630 nm (see Figs. 4,5, 7 and 8).

Sample illumination: The experimental devices for leaf illumination are shown in Fig. 1A and B.
The light was provided by a Xenonlamp X (Osram XBO 450 W‘/P) especially adapted by Zeiss
Oberkochen, Germany (LX 501 device) for use with the monochromator M as in Fig. 1B. M was
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a double prism monochromator (Zeiss MM 12) which gave a bandwidth of the order of 10 nm
in the 650 nm region for a slitwidth of 0-9 mm, the intensity of the light being of the order of
I=100to 150. 10_“cinmin s—1cm—2at 5 cm from the exit of the monochromator. The mono-
chromator could be replaced by interference filters (F in Fig. 1A). In this case, 10 times higher
light intensities were obtained.

A photographic shutter O was placed at the exit of the monochromator or in front of F, It
could be opened during times ranging from 0:002 to 0-881s. The times were calibrated with
an oscilloscope. The sample (a leaf or a half-leaf) was placed at S on a plate of metal
covered with black paper. B could be moved away by a magnet, liberating the sampleholder S.
The fall of § in liquid nitrogen N, was regulated in such a way that it occurred at the very end
of the irradiation.

When the monochromator M was used (Fig. 1B), S was placed about 5 cm away from O, and
the illuminated area was a rectangle of 0-5 X 1-2 cm. It exceeded this surface when the monochro-
mator was removed (Fig. 1A). '

Electronic flash: For illumination with high light intensities during very short times, the Xenon
lamp of Fig. 1A was replaced by an electronic flash (Multiblitz 50 from Gesellschaft fiir Multi-
blitzgerate, Dr. Ing. Mannesmann, Porz-Westhoven, Germany). The shutter O was removed and
replaced by the filter F. The flash was placed as near the sample as possible, against the filter.
Some experiments were performed without any filter; as a rule, this was the case when a complete
phototransformation was required. The sample fell into liquid nitrogen at the very end of the flash.

Temperature during illumination: When not otherwise indicated, all illuminations were performed
at a temperature of 23°C 4- 2.

Characteristics of the filters> Two of the interference filters were constructed by Barr and Stroud
Ltd, England. The transmission peaks of these filters were centred at 630 and 646-5 nm respective-
ly, the bandwidth at half peak being of the order of 3:0—3-5 nm; the transmission at the peak
maximum was 70% for both filters. The Barr and Stroud filters were not completely blocked in the
infrared. The infrared light was removed, when necessary, by interference filters constructed by
Baird Atomic Europe, Holland. The transmission peaks of the Baird filters were centred at 630
and 647 nm, the bandwidth at half peak being of 4:2 nm, and the transmission at the peak maxima
being of the order of 70%;; the transmission outside the passband was less than 0-1%. In addition,
an ordinary infrared filter was placed in front of the Xenon lamp. In the flash experiments a Baird
Atomic 660 nm filter was sometimes used (bandwidth at half peak 4-2 nm; transmission at the
peak maximum about 70%).

Registration of the low-température fluorescence spectra: The excitafion light was provided by
a mercury lamp FE equipped with a Zeiss filter (n°® C) selecting the 434 to 436 nm photons (Fig. 2).
The light was reflected by a mirror G on the sample holder SH in the Dewar D. The fluorescence
was registered through the grating Zeiss monochromator M 19 equipped with a filter for removing
the light below 600 nm. The photomultiplier PM was either a Dumont 6911 or a Philips XP 1005
cooled to liquid nitrogen temperature. ’

The leaf sample was placed behind the hole S on a plate P which was adjustable in the sample
holder SH as shown on the right part of Fig. 2. SH could be moved either horizontally or vertically
inside the Dewar using the screw Q. In this way, the orientation of the sample in the Dewar could
be adjusted to reproduce identical physical conditions of excitation and of reception of the emitted
light in the monochromator. The fulfilment of this requirement was checked as follows: the
sample .S was surrounded by a circle C of a plastic material emitting a green fluorescence; when §
was correctly placed, the intensity of the fluorescence of C reached a known minimum value (at
the wavelength of its maximum emission).

The sample was kept under liquid nitrogen during the measurements; it was placed against
the wall of the Dewar before a slit 0, 2 cm wide. Different values of the entrance and exit slits
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of the monochromator were used. It was found that these values could be varied within a rather 27
large range without appreciably influencing the form of the measured spectra.

Measurements of the low temperature absorption spectra: The absorption of the Icaves was mea-
sured at liquid nitrogen temperature using the device of Fig. 3. MM, was a standard double
prism monochromator (Zeiss MMj,). A was a photomultiplier /P 28, or a photoclectric cell
MC 100 2V, as used in the standard Zeiss equipment. X was the standard Zeiss light source. The
Dewar D was provided by 2 longitudinal slits, 2 cm wide, the place of which is indicated by O on
Fig. 3. A special sample holder H was placed in the Dewar; it made it possible to put thé frozen
leaf or the blank alternately into the light beam. The blank was prepared with an acetone leaf
powder frozen in water in suitable concentration. The sample holder was continuously frozen in
liquid nitrogen. The holder is shown on the right side of Fig. 3. '
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Fig. 3. The apparatus for measuring
the absorption spectra "at liquid
nitrogen temperature. The sample A
holder H is seen in detail to the
right of the figure. It consists of a
plate of metal B with two apertures
C which can be moved alternately
in the light beam using the “balan- o
ce” E; the positions of B are stabi- ampuirier,
lized by the spring R. The lower GALVANOMETER.
part of Bis immersed in liquid nitro-
gen. The holder is inserted into the N2
dewar D by a cover F; I is a rubber ~
ring (other explanations in the text).
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The light intensity was cstimated in a thermopile, type E; special (Kipp, Delft, Holland) using a
microammeter (Kipp, Microwa AL 4). The thermopile was calibrated for the filters used with
the aid of a NBS 1000 Watt quartz iodine lamp (standard of spectral irradiant) from the
Eppley Laboratory, Newport, USA, serial number EPI-1129. However, the intensities given in the
text are liable to a relatively wide margin of error (4-10% at least). All intensities are measured
at the surface of the leaf sample.
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RESULTS

1. Transformation of the fluorescence spectrum of etiolated leaves by short time
illumination

The low temperature fluorescence (77°K) of any etiolated leaf specimen was charac-
terized by a principal peak at 657 nm (protochlorophyllide) accompanied by 5 minor
peaks or shoulders respectively found at 629, 674, 690, 713 and 728 nm  (Fig. 4;
compare with GOEDHEER 1967). These wavelengths form 3 pairs of values 55 to 60 nm
apart from one another: 629—690 (d = 61 nm); 657—713 (d = 56 nm); 674—728
(d = 54 nm).

When the three following conditions were fulfilled:
1) leaf frozen at 77°K at the very end of the illumination using one of the set-ups
of Fig. 1; :
2) any red monochromatic light;

3) sufficient light intensity at the leaf level (7 higher than 100. 107" i0 o1 em—2);
we found that within some fractions of a second to about 1 s (depending on 7 and on
the wavelength), the principal low temperature fluorescence peak of the leaf moved
from 657 in the dark to about 688 nm in the light. The position of the newly formed
peak varied from one experiment to another between 686 and 691 nm, depending on
the speed and on the extent of the phototransformation. In particular, when the trans-
formation was performed or nearly completed in a very short time (for instance by
a flash of 1 ms), the peak was found at 688 nm (Fig. 4 and 7).

The 688 species showed a secondary peak at about 747 nm. Its fluorescence was
characterized by the wavelength pair 688—747 nm (d = 59 nm).

That the 688 species was derived from the 657 species in the light was indicated by
the fact that for a given number of photons of a given wavelength reaching the sample
per unit time, the fluorescence intensity at 657 nm decreased, while the fluorescence
intensity at 688 nm increased with increased duration of the illumination, whereas no
appreciable change was found in the 629 nm fluorescence. Similarly for a fixed dura-
tion of the illumination the 657 fluorescence decreased and the 688 increased when the
intensity of the light was increased. Fig. 5 reproduces stages of the disappearance of
the 657 nm fluorescing material and the simultaneous appearance of the 688 species
for increased duration of an illumination of a given intensity and wavelength. The
absence of a well defined isosbestic point is due to a slight displacement from 686 to
689 nm of the band formed in the light. -

2. Transformation of the absorption spectrum of etiolated leaves by short time
illumination

The absorption spectra of an etiolated leaf and of the same leaf having received

a saturating 1 ms flash (647 nm photons) are given in Fig. 6, as measured at liquid

nitrogen temperature. A similar phototransformation can be obtained with any suf-
ficiently intense red light.
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The etiolated leaf shows essentially a double band formed by pigments absorbing

at 647 and around 630—635 nm. The flash transforms the 647 nm material into a
676—678 nm material, while the 630 nm material remains unchanged. Compared-

| with the low temperature fluorescence spectra of Figs. 4, 5 and 7, it becomes clear that
= the 647 - and 676 nm - absorbing materials emit the bands at 657 and 688 nm

respectively, while the 630 material does not fluoresce (or fluoresces weakly?) when
the intact leaf is frozen at liquid nitrogen temperature.
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This picture is similar to that described by some authors (for instance, LITVIN and KRASNOVSKI
1957; Krasnovskii, BysTRovAa and SorokINA 1961) who have also found a phototransformable
(647 nm absorbing) and a non-phototransformable (630— 635 nm absorbing) pigment in the
etiolated leaf. However, in the reports in the literature, the maximum absorption of the trans-
formed material is located at 682 nm, while in our experiments it is found at 676 to 678 nm,
provided very short-time irradiations of sufficient light intensity, fo]lowed by immediate freezing
at liquid nitrogen temperature, are used.

" We call the species present in the etiolated leaf P 657—647 (initial protochloro-
phyllide-lipoprotein complex, SIRONVAL, MICHEL-WOLWERTZ and MADSEN 1965),
and the species formed by short time irradiation P 688—676 — the numbers pertaining

to the respective positions of low temperature fluorescence and absorption maxima
of the pigments.

- 3. Trreversibility of the P 657—647 — P 688 —676 photoconversion

We never observed any dark reversion from P 688—676 to P 657—647 after

a short-time illumination. Nor did we succeed in reversing the formation of P688—676 @

by light.

Etiolated samples were first irradiated with 647 nm light of high intensity to produce
the total conversion of P 657—647 into P 688—676 in a time less than 0-1's. This irra-
diation was followed by a second irradiation with 675 nm light. Different intensities of
this light were used, as well as different time intervals (from 0-1 to about 1 s) between
the first and the second irradiation. The photoconversmn of P 657—647 into
P 688—676 was never reversed.

4. Estimation of the extent of the phototransformation

.

It was found that, — keeping constant all physical conditions of excitation, reception
and registration of fluorescence and exciting with the 434—436 nm emission of
a mercury lamp as indicated under “Methods” (set-up of Fig. 2) —, the height of the
low temperature fluorescence peak of an etiolated leaf at 657 nm was equal to that
of the flashed leaf at 688 nm provided this leaf had been frozen immediately after

total transformation of the pigment using the set-up of Fig. 1 (Fig. 7). The percentage

of the phototransformation (7%) could therefore be estimated from the ratio:

__ (intensity of fluorescence at 657 nm after phototransformation) _ H 657

(intensity of fluorescence at 688 nm after phototransformation)  H 688

applying the formula:
79 = 100 -
1+7r

Fig. 8 reproduces an example of 7%, estimation. It shows how the intensities of the
fluorescence at 657 and 688 nm were corrected for contributions from other pigments.
The contribution of the 630 nm fluorescing pigment at 657 nm was estimated after
the complete transformation of P 657—647 into P 688—676 as shown in Fig. 8a.

iy
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The ratio
H, 657
H, 630

R 657 =

was obtained from spectra of control leaves which had been illuminated by a poly-
chromatic saturating electronic flash (light control samples L). The corrected value
H 657 of the emission of a partially transformed sample at 657 nm was calculated

from the registered spectra as follows:
H 657 = H657— (H630.R657) [1]

H 657 and H 630 being the heights of the
peaks of the partially transformed sample
at 657 (before correction) and 630 nm
respectively (Fig. 80)

Fig. 7. Low temperature spectra of one half of
an etiolated leaf (Etiol.) and of the other half
of the same leaf having received a saturating
polychromatic 1 ms flash (4 I flash), — the
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sample being frozen at liquid nitrogen temperature immediately after the flash. (A)is the correction
to be subtracted from the height of the fluorescence at 688 nm of the flashed sample calculated
from (H 657 + H 688) R 688, in which H 657 is equal to zero (see Fig. 8). The registrations were
made with the set-up of Fig. 2, which makes it possible to reproduce identical physical condi-
tions of excitation and reception of fluorescence in a series of samples.

d
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R688 =H 63040 657
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Fig. 8. An illustration of the method for calculating the percentage transformation of the pigment
fluorescing at 657 nm (P 657—647) into the pigment fluorescing at 688 nm (P 688— 676). The
spectra were registered at liquid nitrogen temperature using the set- -up of Fig. 2. (Other ex-
planations in the text.) The line of zero fluorescence is drawn in admitting that the emission

at 800 nm is zero (see Fig. 7).
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The contributions of the 630 and 657 fluorescent pigments at 688 nm were estimated
before any phototransformation, as shown in Fig. 8b. The ratio
Hp, 688
Hp 630 + Hp 657

R 688 =

was measured on fluorescence spectra of control etiolated leaves (dark control sam-
ples D), — H, 657 being the corrected values of the emission at 657 nm for control
etiolated leaves calculated using formula [1] (Fig. 8b). The corrected values H 688
of the emission of a partially transformed sample at 688 nm was calculated from the
registered spectra as follows:

H 688 = H 6388 — (H 657 + H 630) R 688 [2]

H 688 and H 630 being the heights of the peaks of the partially transformed sample
at 688 (before correction) and 630 nm respectively, and H 657 being the height of the
emission of the same sample at 657 nm corrected using formula [1] (Fig. 8c).

In practice, for the estimation of the extent of the phototransformation in any given
illumination conditions, a series of 6 repetitions were registered (6 illuminations on
separate samples), plus 3 dark controls (D) and 3 saturated light controls (L) from
which the ratios R 657 and R 688 were calculated (for each series of 6 repetitions).
Controls and illuminated samples came from the same culture of leaves. It was found
that the values of R 688 were fairly constant while R 657 fluctuated more (Table 1).
Values of TY for typical series of measurements at room temperature are given in
Table 2.

5. Action spectrum

Action spectra for the P 657—647 — P 688—676 transformation were determined in
measuring the percent transformation (7'%) as described in the previous section.

The etiolated leaf samples were illuminated for 0-881's in the device shown in
Fig. 1 B, with 630, 640, 650 and 660 nm photons; the relative values of the light inten-
sity I at the different wavelengths were estimated using a bolometer. The percent
transformation was thereafter calculated at every wavelength for a same value of I.

Typical results are shown in Fig. 9. It is clear that the maximum activity of the
photons coincides with the maximum absorption of the etiolated leaf at 647 nm, and
that the form of the action spectrum agrees with the form of the low temperature ab-
sorption of the etiolated leaf. It was concluded that the red absorbing pigments found
in etiolated leaves were the photoreceptors for the transformation.

6. Kinetics of the phototransformation

The kinetics of the phototransformation was estimated for different light intensities T
and for some wavelengths in the red. The illuminations were performed using the
interference filters described in “Methods”. The time was measured by the calibrated
photographic shutter (Fig. 1), the leaf samples being frozen in liquid nitrogen at the
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Table 1 ' 277
A series of experimental values of R 657 and R 688.

(R 657 was calculated from completely transformed controls, and R 688, from etiolated controls,

as shown in Fig. 8.)

R 657 R 688
0-286 0-129
0-182 0-134
0-200 0-165
0-200 0-143 v g
0-333 0-129 :
0-258 0-155
0-373 0-145
0-211 0-150
0-111 0-128
0-294 0-130
0-100 0-132
0-127 0-108
0-130 0-122
R » 0-216 0-136
Standard error 0-024 0-004

Table 2

An example of T9; estimation. (A 630 nm Barr and Stroud filter was used in the device of Fig. 1A;

the temperature was +1°C; the intensity of the light was of the order of 400. 10 11 cinstein .
-2 -1

cm B

Time (s)
Repetition n°
0-881 0-461 0-241 0-121

1 59-8 377 24-6 183
2 556 40-0 324 171
3 59-7 39-1 302 151
4 589 463 29-2 182
5 63-8 429 253 187
6 60-5 517 246 20-2
7 57-8 49-0 30-2 160
8 637 47-6 27-9 159
9 589 467 259 14-4
10 - 412 307 169

11 — 49-2 - —
TY% 59-8 447 28-1 171

Standard error 0-86 2-41 0-90 0-58 -
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very end of the illumination. The percent transformation was measured as described
above (Fig. 8).
Fig. 10 shows that different kinetics were obtained depending on the wavelength
of the photons. The phototransformation of P 657647 followed, or tended towards

3

- EFFECTIVENESS, REL.UNITS.

0.4
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N

630 640 650 ° 660

v

Fig. 9. Relative effectiveness of red

photons of different wavelengths for
the transformation of P 657— 647
into P 688 —676. Three series of me-
asurements were made. Inside each
series the percentage of phototrans-
formation was calculated for a same
light intensity and a same duration
of illumination at the wavelengths
experimented. The percentage trans-
formation found at 650nm was ar-
bitrarily fixed at 2 relative units. Da-
shed curve, one series of measure-
ment. Solid curve, average between
the three scries. Dotted curve (4),
absorption spectrum of an etiolated
leaf at liquid nitrogen temperature.

a first order kinetics when 647 nm photons
were used; it never followed a first order kine-

tics when 630 nm photons were used. This

result did not depend on the intensity of the
actinic light but it depended on the purity of
the 647 nm photons as shown in Table 3.
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Fig. 10. Kinetics obtained for the transformation
of P 657— 647 into P 688— 676 when illuminating
during short times with 647 or 630 nm photons.
= (100 — T%). T was estimated as indicated
in Fig. 8; it was determined at a series of diffe-
rent light intensities for three time intervals:
0-461, 0-241 and 0-121 s. The light was filtered
by Barr and Stroud filters in the device of Fig. 1A.
The time scale of the graph was adjusted for a
unique light intensity, i.e. a given, well defined
e.m.f. at the exit of the bolometer (about
1,000 x 10~ '! einstein cm~2 s~ ! at both wa-
velengths). This method, which makes use of

formula [A 3], avoids the difficulties involved inC;

the exact mechanical measurement of a great
series of short times.

Since, when illuminating with (pure) 647 nm photons, the kinetics of the photo-
transformation was of the first order, it appeared necessary to assume that, in this
case, it consisted of a photoreaction, the rate constant & of which depended on the
intensity of the light I and on the absorption coefficient ¢ of the untransformed
pigment (P 657-—647), as follows:

k = nel

(3]
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Table 3

Influence of the purity of the actinic photons on the order of the kinetics of the phototransforma-
tion. (Tn column /, the light was filtered by a Baird and a Barr and Stroud 647 nm filter; in column
2, by a Baird 647 nm filter alone; in column 3, by a Barr and Stroud 647 nm filter which had been

damaged and was somewhat transparent for photons of other wavcelengths. k is the first order -

constant per unit time). :

1 2 3

(647 nm photons; (647 nm photons; (contaminated
half band width: half-band width: 647 nm photons)
Duration of the 3-0 nm) 42 nm) -
illumination T - . I
Ty k TY% k TY% k
0-0677 25-6 44 360 66 ‘ 387 72
0121 ) 397 42 596 7-5 52-3 61
O 0-241 629 41 822 7-1 69-4 49
Kmax — Kmin - 0-3 — 09 - - 2:3

n # 0 being the quantum yield of the phototransformation (Appendix I; in the pro- -

lamellar body, the magnitude of n seems to depend essentially on the age of the leaf
and on the temperature). Formula [3] shows that, at a known light intensity, k mea-
sures ¢ multiplied by n; (k/n) also measures the frequency of the absorption acts
which take part in the observed phototransformation. It follows that the kinetics can
be written

T = 100 (1 — e~*) 4 [4]

in which T% is the percentage of the pigment molecules initially present which are
transformed by light during time ¢.

If it is accepted that, at any wavelength, the phototransfoermation results from
photoreactions like those found when illuminating with 647 nm photons, the kinetics
. found with 630 nm photons should result from a particular combination of photo-
()reactions running at different rate. Indeed, the slope of T, versus time at 630 nm
can be interpreted by such a combination.

The model of Fig. 11 represents a plausible, preliminary interpretation. It includes
two lipoproteins bearing pigments: the first lipoprotein contains a 647 nm absorbing
pigment (complex a). The second lipoprotein contains the same 647 nm absorbing
pigment, but it is associated with a non fluorescent, accessory pigment responsible
for the 630 nm absorption seen on Fig. 6 (complex b).

The model assumes that:

1) at wavelengths above 645 nm, the absorption of the 630 nm pigment is negligible,
the only absorbing pigment being the 647 nm species in both complexes g and b,
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280 while at wavelengths below 640 nm, the absorption of the 630 nm pigment becomes
appreciable; _

2) the molar absorption coefficient of the 647 nm pigment is the same for any
wavelength in both complexes a and b; this assumption implies in particular that the
orientation of this pigment and its interactions with the lipoprotein are the same in
both complexes a and b;

3) ‘the value of n associated in formula [3] with the 647 nm pigment (r 647) is the
same, at any given wavelength, in both complexes a and b; there is also an n associated

with the absorption of light by

LIPOPROTEIN the 630 nm pigment (1 630); '

COMPLEX @ COMPLEX &

ASSOCIATED
PIGMENT

630mm . @

Fig. 11. Schematic representation
of the model proposed forinter-
preting the kinetics data. The
spherical form given to the lipo-

6477m PIGMENT proteins is obviously arbitrary.
The graphical representation of
the links between protein and pigment only suggests that these links are not the same for the

647 nm pigment as for the associated (accessory) 630 nm pigment (see explanations in the text).

4) the light energy absorbed by the 630 nm pigment is used for the photoconversion
of the 647 nm species in complex b only;

5) the rate constant for the photoconversion of the 647 nm pigment in complex a
does not depend upon the photoconversion in complex b, and conversely.

Under these assumptions, the phototransformation follows a first order kinetics
when the actinic light consists of 647 nm photons (one single absorbing pigment, the
647 nm species; one single absorption coefficient; one k for a given value of I in
formula [3]). But it does not follow first order kinetics when the actinic light consists
of 630 nm photons (two different absorption coefficients at 630 nm, originating from
the 647 and from the 630 nm species respectively; two k’s,k, = k,,fora given value of I),

The model leads us to express the kinetics of the (P 657—647 — P 688—676)
phototransformation as resulting from the sum of two first order kinetics as follows:

TY = 100 — Ae ™" — (100 — A4) e~ [5]

(see Appendix II), 4 being the proportion,in %, of the complex (a or b) which is trans-
formed at rate k,. '

The analysis of the experimental kinetics for the transformation of P 657—647 by
630 nm photons using equation [5] showed that k; and k, tended to values which
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remained constant in time for 4 = 50 (Fig. 12). Thisheld t < - any light intensity, 281
i.e. for any value of k; and k, (we investigated values of k, - - at 630 nm in range
of 30 times). This feature seems to be related to the slope of 1/, curve of TY, in func-

tion of time. It implies that, in the etiolated leaf, the molecular ratio of complex a to
complex b should be equal to 1. On the other hand, in the presence of (pure) 647 nm
photons given alone (or of photons of longer '

wavelengths), 4 in [5] is either equal to zero or 350
t0100,i.e. k; = k, (the kinetics are first order). ¥X
. 300 . 0.025-005 s

Values of k, and k, calculated for the kine-
tics produced by 630 nm photons in Fig. 10
are used in Table 4 to calculate the values of 2501
T%. It is seen that the calculated and experi-

. ; 200} 05-o0ls

mental values agree quite well, except in the |
region where T'% exceeds 85Y%,.

Fig. 12. Values for k; and k, found in applying equ-
ation [5] to the kinetics of the transformation of 50
P 657— 647 by 630 nm photons for different values
of (A4) and for different pairs of the duration of 0:
the illumination (0-025 and 0-05 s; efc ...). The
calculations were made by means of an JBM com-
puter. (4) intervals were 0-01. It is seen that both ~50
ky and k, tend to constant values for 4 = 50.

30.5--KI

4.2 =K

0 10 20 30 4050

Table 4

Comparison of the experimental values of 7% with the values calculated using the constants k,
and k, derived by means of equation [5] for 4 = 50. (The experimental data are those of Fig. 10
for 630 nm photons; ky(s-1y=30'5; kz(s-x) = 42)

Values of TY,

Time in s
Calculated Experimental
31-6 31-5
48-5 48-2
64-8 652
73-3 73-5
78-3 78-5
825 822
85-8 85-0
885 86-8
90-7 88-4
92-4 89-1

939 90-0
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7. Estimating the in vivo absorption spectrum of P 657 —647 from kinetics data

According to equation [3] and to the model of Fig. 11, one of the two values k, or k,,
as calculated from the kinetics produced by 630 nm photons (equation [5]), is related
to the absorption of 630 nm photons by the 647 nm pigment in complex a (k&37),
while the value of k for the kinetics produced by 647 nm photons (equation [4]) is
related to the absorption of the 647 nm photons by the 647 nm plgment in both com-
plexes @ and b (1\247)

If k,, k, and k are measured for the same intensity of the actinic light 1 (at a given,
constant tempelature), and if we assume that n 647 does not vary with wavelength,
we find according to formula [3]:

k  I.n647.e647 ¢647
kyork, I.n647.¢630 €630

[6]

where £ 647 and €630 are the absorption coefficients of the 647 nm pigment for the e
647 and for the 630 nm photons respectively.

We calculated k and k, from kinetics data for a given illumination with 630 nm
photons at 23°C + 2. Thereafter using the same set of leaves and the same light
intensity, we measured the value of k from the first order kinetics for 647 nm photons
at the same temperature. k, was found equal to 0-158, k, to 1-058 and k to 0-608.
C was therefore equal cither to

c, = Kk _ 0608 _ 4o
k, 0158
or to
c,=F 00 _ s,
k, 1058

The second value was exzluded, since the absorption of the 647 nm pigment cannot be

higher at 630 nm than at 647 nm. k, was therefore identical to k$%3.

Similar measurements and calculations may be made at different wavelength pairs,
each of them including 647 nm and another wavelength. Theoretically, they should
lead to the establishment of a spectrum for P 657—647 relatively to its 647 nm in vivo C
maximum, whose form should correspond to that of the in vivo absorption of
P 657—647 if n 647 remains constant with wavelength.

We are not able to present this in vivo spectrum in detail, but the above value of Cy
(and some others) shows that its form is probably very near to that found for proto-
chlorophyllide in solution. Indeed, the ratio between the in vitro absorption coeffi-
cients of protochlorophyllide at its absorption maximum (623 nm) and at a distance
17 nm apart in the direction of lower wavelengths (606 nm) is equal to

€623

€ 606
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(in ethyl-ether), a value practically identical with C,. Tt follows that the quantum yield
n 647 in formulae [3] and [6] probably does not vary with wavelength. Further in-
formation concerning n will be given elsewhere.

DISCUSSION

(1962) to account for the kinetics of the conversion of protochlorophyllide into chlorophyllide in
red light. This hypothesis was formulated as follows: ““A solution of the protochlorophyll-protein
complex may be a mixture of two types of protochlorophyll-protein molecules..., but the proto-
chlorophyll molecules of one complex are converted to chlorophyll @ at a different rate from the
protochlorophyll molecules in the other complex™. On the basis of the experimental results
available, BOARDMAN was unable to decide between the above hypothesis and two others; they
appeared at that time as equally reasonable. He derived equation [5], but did not interpret ex-
plicitly the mechanism of the reaction-rate differentiation between the postulated complexes,

found that equation [5] fitted in well with the experimental data for 4 equal to 50.

BoARDMAN experimented with purified protochlorophyllide-protein complexes in solution.
He was led to explain the experimental kinetics as the sum of two first order reactions because he
found that any interaction between protochlorophyllide-protein molecules was “extremely un-
likely”. This conclusion was based on the fact that the reaction rate *“is independent of the initial
concentration of the protochlorophyll — protein molecules and is not influenced by the viscosity
of the medium”. :

One may wonder about the coincidence between our modzl and BOARDMAN’s hypothe51s since
BoarDMAN measured chlorophyllide and probably chlorophyll formation, while our measure-
ments are only concerned with the (P 657—647 — P 688—676) phototransformation. At first
sight, this coincidence seems explainable since, in BOARDMAN’s experiments, the rate limiting
factor was the intensity of the light. He gave 8-5 uW cm™2 to less than 1 pW cm™2; in some
experiments the phototransformation was followed for times as long as 150 min. We could
suppose that, under these conditions, the kinetics was determined by the rate limiting light phase.
Our observation that the phototransformation follows a first order kinetics when illuminating
" with photons of 647 nm (or longer wavelengths) not only leads one to choose BOARDMAN’s first
hypothesis as the most suitable model for the P 657—647 — P 688— 676 phototransformation.
It also provides a simple, physical explanation of the differentiation of the reaction rates between
the two protochlorophyllide— lipoprotein complexes.

The model designed in Fig. 11 is naturally not to be considered strictly. It provides a general
idea rather than an exact picture. We do not know very much about the real links between pig-
ments and lipoproteins. We do not know how the molecules are arranged inside the prolamellar
body. It is, for instance, very likely that the relations between the 647 nm pigment and the protein
differ from those between the 630 nm pigment and the protein (different protein subunits may be
involved?). : '

Tt seems that facts related to those presented here were observed in 1962 by workers in KRras-
NOVSKID’s group. RUBIN et al. (1962) found that both the 690 nm fluorescing pigment, — which
first appears as a result of the phototransformation of the 657 nm species —, and this last species
itself, exhibit the same value of the fluorescence lifetime 7 at normal temperature as well as the
same value of the absorption integral (= [, dv; ¢, being the molar absorption at the frequency v).
On the other hand, the Russian authors describe experiments indicating that, w.ien etiolated bean
leaves are illuminated at — 120°C, some pigment species is foimed which is transformed into
chlorophyllide in the dark. They however did not explicitly describe P 688—676 as a species
distinct from the chlorophyllide—lipoprotein complex.

The model of Fig. 11 is reminiscent of the first of three hypotheses presented by BOARDMAN

although equation [5] implicitly included the interpretation (see Appendix I and IT). BOARDMAN °
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284 Appendix

I. During the phototransformation of P, molecules initially present at £ = 0 (before illumina-
tion), the photons play the role of a reactant, the concentration of which remains constant, if it
is assumed that there is no darkening of one pigment molecule by another, either before or after
the phototransformation (i.e. the molecules are considered as arranged in a same plane, or their
concentration per unit volume is low). We can write: '

dpP

— — = kP Al
dr [‘]

which gives after integration:

P = Pye™™ : [A2]

This equation describes the kinetics of any photoreaction in the case of one absorbing pigment.
k has the dimension of s™1.

If the photon fluence (BRowN and Jouns 1967) or energy flux L, — defined as the number of

photons having reached the P molecules at a given time #: ‘
Lpho!ons em~2=1, [A3]

photons s=1cm=2"tg

I being the intensity of the incident beam—, is substituted for the time (I constant), we have,
similarly to [A1] and [A2]:

dp ’ '
s e ROOP [A4]
dL

which gives after integration:

P= Ppye KL [AS5]
K’ has the dimensions of a cross-section, cm? molecule ™1, It is the virtual area to be ascribed to
a phototransformable molecule for picking up the quantity of photons of a given wavelength
necessary to account for the observed phototransformation (in our experiments, the photons are
sent normally to the surface of the leaf). The cross-section K’ is the photochemical equivalent of
the molar absorption coefficient ¢ defined by the Lambert-Beer law:

1
In=2 = ecd
1

(where I, is the intensity of the incident beam, I the intensity of the transmitted beam, ¢ the con- 03
centration of the absorbing molecules and d the thickness of the solution), divided by the
Avogadro number N:

n 103
Kr:'mlcculc‘ 1 cm2 = T €molecule -1 cm? [A6]
n being some constant different from 0.
It obviously foliows from [A2], [A3] and [AS5] that:
k L It ’
O PR i) [A7]

XK' t t
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Substituting for K’ in [A7] its value in [A6], we obtain:
n10®
k. =

s=1 N €molecule-1 ¢m? Iphotons s—lcm=-2 [A8]

[A8] says that k represents the frequency of the absorption acts taking part in the observed photo-
transformation: it is the number of effective photons which are absorbed per molecule and per s
during the phototransformation. This number of active photons is proportional to the intensity
of the incident beam, to the molar absorption coefficient (or the cross-section) of the absorbing
molecule, and to n.

It appears from [A8] that n is equal to 1 whenever every absorption act effectively takes part
in 1 phototransformation: y molecules (P) which absorbs yhv — yP* — yp, (p) being a molecule
of the product. In this case, n=y[y=1. n is lower than 1 when some of the absorption acts do
not take part in the phototransformation: y molecules (P) which absorb yhv — yP* —

— (y—a) P+ ap; n=afy < 1. Some of the P*’s are de-excited before transformation into p.

n is higher than 1 when each absorption act transforms on an average more than 1 molecule:
y molecule (P) which absorb yhv — yP* —> (some unknown mechanism) —> (ay) p, with n=a >1.
In this case, the excitation resulting from the absorption in one point is spread over a certain num-
ber of pigment molecules (there is a kind of chain reaction).

It is obvious that n represents the number of molecules (P) transformed into (p) per absorbed

photon. It is the quantum yield of the photoreaction, the dimensions of which are molecules.
photon~1! (or moles einstein"l).

If « is substituted for ¢ in [A8], —a being defined by:
Ty ’
log — = acd —,
g 7 ac

[A8] is written:

n23.10% . :
k= N—al;n4x10 al [A9]

(see RABINOWITCH 1951).

II. The proposed model assumes that the photoconversion rate of the 647 nm pigment in one
complex does not depend on the photoconversion rate in the other complex. This condition
implies also that trapping a photon at a given pigment molecule does not modify the intensity of
the light beam for another molecule (there is no chance of some molecules being darkened by
other molecules, either before, or after the photoconversion). The complexes constitute molecule
families independently transformed into the same product under the =action of light. The trans-
formation is not reversible.

Under these assumptions (sce also section 6), BOARDMAN’s (1962) derivation may be adapted
to the model of Fig. 11 as follows:

If A, is the number of molecules of complex a which are initially exposed to the photon beam
at t = 0, L being the photon fluence and K| the cross-section of the 647 nm pigment, we find, by
applying [AS5], that the kinetics of the photoreaction is given by:

A= Aoc_K' 1L

Similarly, if B, is the number of molecules of complex b exposed to the same beam at £ = 0 and
K3 is a certain function of the cross-sections of both 647 and 630 nm pigments, we have:

B= Bye~ K’ 2L
Since every molecule of complex a and of complex b bears 1 molecule of the 647 nm pigment, the
sum A, + B, is equal to the number of 647 nm pigment molecules to be transformed (initial
number of molecules of the protochlorophyllide—lipoprotein complex).

28
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On the other hand, if (a) is the proportion of the molecules of complex a in (44 + By), (1 — a)
is the proportion of molecules of complex b. The partial percentage transformation of the 647 nm
pigment in complex a is:

A — A .
T, partial (%) = "7 100a = 100a(1 — e~ K" 1Ly,
0

Similarly, in complex b, this percentage is:

. on  Bo— B o -K’,L
T, partial (%) = g 100(1 —a)=100(1 —a) (1 — e 24y,
0 .

The total percentage transformation 7 of the 647 nm pigment fo;\ both complexes a and b is the
sum of (Ta pnrtial) and (Tb parlial):

T(%) = 100a(l — e~ X 1Ly 4 1001 — a) (1 — e "K' 2L) = 7
100 1 —ae X2Ly _ (1 —gje K'2Ly (A 10]

[A 10] obviously reduces to: T% = 100(1 — aeXL) for K{ = K;, — a condition which is reached
in the model when the 647 nm pigment absorbs (pure) monochromatic photons of a wavelength
equal or higher to 645 nm (in this case, a single cross-section is involved).

Replacing K{ and K} in [A 10] respectively by the frequency of absorption acts k, and k, and
the photon fluence L by the time ¢ (sec Appendix I), we get:

T(%) = 1001 — ae~* 1t — (1 — g) e~k 2t ' [Al1]

The previous argument may be extended to any number of molecule families like complexes a
and b, provided the assumptions made above are preserved. We can write that in general, for n
families with 7 distinct cross-sections (K to K;)):

T(%) = 100[1 — aje K" 1L ge K2l g e Kp _aL_

—(—a;—a,—...—a,_;)e Knl] [A 12]

in which a; to a,_, represent the partial proportions (in %) of n — 1 families.
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W3yyanoce neficTBiE CBETa HA NPOTOXJI0POGHITH A-IIPOTEHHOBEIT KOMILIEKC Y HHTAKTHBIX 3THO-
JIMPOBAHHBIX JTUCTH2B. BbIIH MPUMEHCHBI HU3KOTEMIICPATYPHAS CIIEKTPO(IYOPOMETPHS M HMILYJIbLC-
Hoe ocseueHne (MeHee yeMm 1 cex no 1 mcek). OGHapyKEeHO, YTO NEPBLIC HAGTIONACMBIC CIICKTPAITh-
HBIC U3MCHEHHS OTBCYAIOT GOTONPOLYKIMH 0COBO0H HOPMBI MUTMEHTA B TEYCHHE OYEHb KOPOTKOTO
MHTCPBaIa BpeMEHH. DTa Gopma OTIUYACTCS OT XJI0POGHIIIH/I-THIIONPOTC HHOBOT O KOMILICKCA U O bI-
Jia Ha3BaHHA Pggg ¢ 76. ITpy sicnons3oBanuu 630 nm (unn GoToHOB 6051CE KOPOTKOMH ITTHHBLI BOJIHBI):
66110 06HAPYKEHO, 4TO KMHETHKA 3THX M3MEHCHHMIl TPCACTABIACT COGOH H3MCHECHUS MEPBOTO MO-
psaka. JInsg oOBsCHCHHS JKCIIEPMMEHTANbHBIX AAHHBIX NPEAJIOXKEHA IpPEeABAPHTE/IbHAS MOJIEIb,
BKJTIOYAIOL@st JBA COPTA JIMIONPOTEHH-TPOTOXIOPODGUIITHIOBOTO KOMIUIEKCA, OJHH M3 KOTOPBIX
TOJIY4aeT CBETOBYIO 3HEPTHIO OT A06ABOYHOTO MUITMCHTA.




