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The Reduction of Protochlorophyllide
into Chlorophyllide. ... , ...,., .,. ...

I. The Kinetics of the Pest-eat -- Pess-ozo Phototransformation*

C. SlRor*r,lL, M. Bnourns, J.-M. Mlcsrt and Y. Kutprn

Laboratory of Plant Physiology, Research Station of Gorsem, Gorsem St-Truiden, Belgium

,\bstract

Thc action of light on the protochlorophyllide-protein complex was studied in intact, etiolated
lc-aves using lou,-temperature spectrofluorometry and short-time illuminations (less than I s to
I lns). The first spectral changes observed were shown to correspond to the photoproduction
ri ithin vcry short times of a particular pigment form, different from the cl'rlorophyllide-lipoprotein
conrplcx, rvhich was called P6sg - 676. The kinetics of these changes rvas found to be of the first
oider nhen 647 ntn photons (or photons of longer rvavelengths) were used; it was not of the fust
ordcrshcn 630nm photons (or photons of shorter wavelengths) were used. A plausible preli-
minary model involving two kinds ol lipoprotcin-protochlorophyllide complexes, one of which
rcccivcs Iight energy from an accessory pigment, is proposed to account for the experimental facts.

Svrrtr and Brstrrz (1954) concluded that in etiolated barley the photoreduction of protochloro-
ph5'llide into chlorophyllide was not striôtly photochemical and that it involved intermolecular
intcractions, the nature ol which was unknown. Working with a protochlorophyllide-lipoprotein
complcx from etiolated bean leaves, Bo,c.nor\rlN (1962) came to a somewhat different conclusion.
Ilc found that, although not purely photochcmical, the process d:d not involve a collision between
trvo ind':pendent molecules. Both authors agree that the kinetics of the photoreduction was not
a first ord:r one and that the rate of the conversion rvas d:pendent on temperature. Bo.q,npunx
proposed thrce models in order to explain the kinetics data, but he was unable to decide between
them.

Wc rcccntly obtained evidence indicating that the reduction ol protochlorophyllide into chloro-
phyllidc rvas indeed a rather complicated process involving at least two steps. A first step occurs
as the rcsult of photon absorption by pigment(s); it is followed by another stcp which leads to the
rcduced product. V/e previously sumnrarized the experimental evidence and thc preliminary con-
clusions to bc derived (SrnoNv,r,l and Mrcurr 1967; SlnoNvlu et al. 1967). A somewhat more
extcnsivc and more exact trcatmcnt (although still preliminary) is givcn in SInoxv.lt- et al. (1968).

The prcscnt paper deals in detail with some properties of the first, light dependent,
step. 'Ihis step in some way modifies the protochlorophyllide-lipoprotein complex;
it produces an optical shift, the characteristics of which are described. The effects of
tentpcrature on the Iight stcp, as rvell as other information on the overall process of
protochlorophyllidc rcduction will be given in subsequcnt papers.
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REDUCTION OF PROTOCHLOROPIIYLLIDE INTO CIJLOROPIIYLLIDE I.

The separation of the events into sevcral stcps was obtaincd by pcrforming the
liglrt reaction within vcry short tirnes (from 1 ms to less than 0.5 s) and by frèezing
the material in liquid nitrogen immediately after irradiation. Preliminary experiments
showed that the rate of tlre optical shift depende«l csscntially on the number of pho-
tons I reaching the sanrple per unit time and unit area (light intensity :
: /einstein "-! .--2).Using very high values of litwas possibletocomplete thc shift
in times much shorter than 1 ms. For convenience, one lns "saturating" flashes are
used in the pres:nt paper as a standard procedure for performing the complete
phototransformation rvithin very short time intervals. The use of 1 ms flashes for the
phototransformation oI protochlorophyllide was introduced by Mnosrx (1963). ,

MATERIAL AND N{ETHODS

Leaf material: Beans were sown in complete darkness at23"C -[ 2 in pots containing vcrmiculite
moistencd with tap rvater. Germination generally occurred 2 days after sowing. Thc trvo primary
etiolated leaves were uscd bct\r'een the 20th and the 30th day after germination. All manipulations

s

Fig. l. The devices A and B used for sample illumination (explanations in the text). A glass

,/-\ infrared filter and a layer of water were placed betrveen the filter I'and the Xenon lamp X (not
\-/ drawn on Fig. IA) - air being continuously blorvn around the Xenon Iamp and t.he filters.

The lamp itself was stabilized by the standard Zeîss stabiliz-ing device.

for growing the plants or preparing the sarnples for the illumination occurrcd in the presence of
agrccnsafelightof lowintensityandconsistingofan Osram4513 lanrpsurroundedbyaneutral
filter plus green cellophane (maximum transrnission at 520 nm). It u,as veri{ied that this light
had no effect on the spectroscopic properties ofthc etiolatcd leavcs. Only,tlature leaves r,.cre used
in the experiments reported here. Such leavcs arc charactcrized by a lorv tcrnperature enrission.at
657 nm 5 to 7 times lnore intense than the corresponding crtrission at 630 nm (sec Figs. 4,5, 7 and 8),

Sample illumination: The experimcntal dcvices for lcaf illunrination are shos,n in Fig. IA and B.
Thc light u'as providcd by a Xenonlamp X (Osram XBO 450 I//P) especially adapted by Zais.s
Oberkochen, Germany (LX50t device) for usc rvith the monochromator,[1 a-r in Fig. lB. À1 was
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270 a doublc prisnt rnonochtonrator (Zeiss IIIIV 12) which gave a bandwidth of the order of l0 nm
in the 650 nur rcgion for a slitwidth of 0.9 mm, the intensity of the light being of the order of
/:100to150.10-1l"inr,"ins-!cm-2at5cnl iromtheexitof themonochromator.Themono-
chromator could be rcplaced by interference filters (Fin Fig. lA). In this case, l0 tinres higher
light intensities u'ere obtaiûed.

A photographic shutter O was placed at the exit of the monochronrator or in front of F. It
could be opened during times ranging fronr 0.002 to 0'881 s. The tirnes were calibrated with
an oscilloscope. The sample (a leal or a halfleaf) was placed at § on a plate of metal
covered u'ith black paper. B could be moved arvay by a magnet, liberating the iampleholder .S.

The fall of ,S in liquid nitrogen N, rvas regulated in such a way that it occurred at the very end
of the irradiation.

When the monochromator M was used (Fig. lB), .S rvas placed about 5 cm away from O, and
the illuminated area rvas a rectangle of 0.5 x 1.2 cm. It exceeded this surface when the monochro-
mator was rentoved (Fig. lA).

Temperature during illumination: When not otherwise indicated, all illuminations were performed
at a temperature oî 23"C ! 2.

Characteristics of the filters:-Two of the interference filters were constructed by Barr and Stroud
Zt4 England. The transmission peaks of these filters rvere 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
maxinrum wasT0l for both filters. The Barr and,§trorrdfilters were not completely blocked in the
infrarcd. The infrared light was removcd, u'hen necessary, by interlerence filters constrrrcted by
Baird Àtornic Europe, Holland. The transmission peaks oî the Baird filters were centred at 630
and 647 nm, the bandrvidth at half peak being of 4'2 nm, and the transmission at the peak maxima
being of the order of 70ll; the transmission outside thc passband rvas less thanO.ll.In addition,
an ordinary infrared filter was placed in front of the Xenon lan-rp. In the flash experiments a Baird
Àtontic 660 nm filter was sometimes used (bandrvidth at half peak 4'2 nm; transmission at the
peak maximum about 7Ol).

Registration of the low-tcmpdrature fluorescence spectrâ: The excitation light was provided by
a mercury lamp .E equipped with a Zeiss filter (no C) selecting the 434 to 436 nm photons (Fig. 2).
The light was reflected by a mirror G on the sample holder ^§/{ in the Derar D. The fluorescence
was registcrcd through the grating Zeiss monochromator M 19 equipped with a filter for removing
the light bclow 600nm.The photomultiplier PM was eithera Dunont69Il or a PhilipsXP 1005
cooled to liquid nitrogcn temperature.

Thc lcaf sample was placcd behind the hole § on a plate P which tvas adjustable in the sample
holder ^S,I/ as shown on the right part of Fig. 2.,SI/ could be moved either horizontally or vertically
insidethc Dev'arusingthcscrewO. Inthisway,theorientationof thesampleintheDewarcould
bc adjustcd to reproduce idcntical physical conditions ofexcitation and ofreception of the emitted
light in the monochromator. The fulfilmcnt of this requirement was checked as follows: the
sample .S was surroundcd by a circle C of a plastic material emitting a green fluorescence; when §
was corrcctly placcd, thc intensity of the fluorescence ol C reached a known minimum value (at
the wavclcngth of its maximum crnission).

Thc sarnplc rvas kcpt under liquid nitrogen during the mcasurements; it was placed against
the r.r'all of lhc Dewar bcforc a slit 0,2 cm wide. Diffcrent values of the entrancc and exit slits

o

C

Electronic flash: For illumination rvith high light intensities during very short times, the Xenon
Iamp of Fig. 1A rvas replaced by an electronic flash (Multiblitz 50 from Gesellschaft fûr Multi-
blitzgeràte, Dr. Ing. Ilîannesnunn, Porz-Westhoven, Germany). The shutter O was removed and
replaced by the filter F. The flash was placcd as near the sample as possible, against the filter.
Some éxpcriments were performed rvithout any filter; as a rule, this was the case when a complete
phototransformation rvas required. The sample fell into liquid nitrogen at the very end of the flash.
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RI:'DUCTION OF PROTOCIILOROPIIYLLIDI] IN'TO CIILOROPIIYLLIDE I

of thc tltonocltronlator wcre used. It was found tlrat thcse valucs could bc varicd rvithin a rather 27
largc rangc without appreciably influencing the form of the mcasurcd spcctra.

Measurcnrents of the lorv tcmpcrature absorption spcctra: Thc absorption of thc lcavcs rvas mca-
surcd at liquid nitrogcn temperature using the device of Fig.3. MM12 rvas a standrrd double
prism nronochromator (Zeiss MM1). I was a photornultiplier /P 28, or a photoclcctric ccll
MCI00 2Z,asusedinthestandrrdZeiss equipment.Xrvasthcstandard Zeisslightsource,Thc
Dewar D u'as provided by 2 longitudinal slits, 2 cm wide, the place of rvhich is indicated by O on
Fig. 3. A special sample holder.Ilwas placcd inthe Den'ar; it rnade it possible to put thé frozen
lcaf or the blank alternately into the light bcam. The blank was prcparcd with an acctonc lcaf
powder irozen in u,ater in suitable conccntration. The sample holder was continuously frozcn in
Iiquid nitrogen. The holdcr is shown on the right side of Fig. 3.
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o Fig.2. The apparatus uscd for registra-
lion ol the low temperature fluores-
cence of the leaf samples. It makes
it possible to reproduce identical
physical conditions of excitation
and reception of fluorescence at ti-
quid nitrogen temperature (expla-
nations in the text),

Fig. 3. The apparatus for measuring
the absorption spectra at liquid
nitrogen temperature. The sample
holder 11 is seen ilr detail to the
right of the figure. It consists of a
plate of metal B rvith trvo apertures
C rvhich can be moved alternately
in the light beam using the "balan-
ce" E; the positions of .B are stabi-
lized by the spring R. The lower
part of Bis immersed in liquid nitro-
gen. The holder is inserted into the
dewar D by a cover F; / is a rubber
ring (othcr explanations in the text).
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The light intensity was cstimated in a thermopile, type E1 spe ciol (Kipp, Delft, Holland) using a
nricroamnrcter (Kipp, tl[icrora ÀL 4). The thcrmopile rvas calibratcd for the filtcrs used rvith
the aid of a NB.§ 1000 \Yatt quartz iodine tan.rp (standard of spectral irradiant) from the
Eppley LoborarorJ,, Nelvport, USA, scrial number EPI-l 129. Howcver, the intensities given in the
text are liable to a relatively wide margin of error (+10% at least). All intensities are measured
at the surface of tlre leaf sample.
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272 RESULTS

l. Transformation of the fluorescence spectrum of etiolated Ieavcs by short time

illumination

The lorv 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;

cornpare rvith Goepuran 1967). These wavelengths form 3 pairs of values 55 to 60 nm
apart from one another: 629-490 (d : 6l nm); 657-713 (d : 56 nm); 674-728
(r/ : 54 nm).

When the three follorving conditions were fulfillpd:
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 leallevel (1 higher than 100. 10-11"i,",.i. ,-, ;--,);
rve found that rvithin some fractions of a second to about 1 s (depending on land on
the tvavelength), the principal low temperature fluorescence peak of the leaf moved

from 657 in the dark to about 688 nni in the light. The position of the nervly 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 perlormecl 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 rvaveleugth 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

pcr unit time, the fluorescence intensity at 657 nm decreased, while the fluorescence

intensity at 688 nm increased with increaseil duration of the illumination, whereas no
appreciable change rvas 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 rvas increased. Fig. 5 reproduces stages of the disappearance of
lhe 657 nm fluorescing nraterial and the simultaneous appearance of the 688 species

for increased duration of an illumination of a given intensity and wavelength. The

absence of a rvcll defined isosbestic point is due to a slight displacement from 686 to
689 nm of the band formed in the light.

2. Transformation of thc absorption spectrurn of etiolated leaves by short time

illumination

Thc absorption spcctra 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
nitrogcn tempcraturc. A similar phototransformation can be obtained with any suf-
ficicntly intcnse red Iight.

o
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REDUCTION OF PROTOCIILOROPI{YLLIDE INTO CIILOROPIIYLLIDE I.,

The etiolated leaf shows essentially a double band formcd by pigmcnts absorbing 273
at 647 and around 630-635 nm. The flash transforms the 647 nm matcrial into a
676-478 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 6gg nm
respectively, while the 630 material does not fluoresce (or fluoresces weakly?) when
the intact leaf is frozen at liquid nitqogen temperature
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Fig. 4. Phototransformation ol the low-tem-
perature fluorescence of an etiolated bean
Ieaf by a non saturating I ms flash (660 nm
light). Etrol : spectrum of the etiolated
leaf. * I Flash: spectrum of a leaf fro-
zen at liquid nitrogen temperature in the
second following the flash (using the device
of Fig. l).

Fig. 6. Phototransformation of the low temperature ab-
sorption of an ctiolated bcan leaf by a saturating I ms
flash (647 nm light).-Eri;r lattccl :spcctrum of thc etiolated
lcaf. J- ,l ,l"/ : spcctrum of a leaf frozen at liquid nitro-
gen tcmpcraturc in the sccond follorving the flash (using
thc dcvice of Fig. t).

650 700 îrrrl
Fig. 5. Stages of the phototransformation

of the low-temperature fluorcscence of an
etiolated bean leaf. Monochromatic acti-
nic light, 647 nm. (1) fluorcscence of the
etiolated sample. (2), (3), (a) and (J) :
: fluorescence of samplcs after 0.0667,
O.l2l, 0.241 and I s oi illumination res-
pectively. Intensity of the light ofthe order
of 750 . l0- I t einstein c--2 s- l.
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This picturc is similar to tlrat described by sonre authors (for instance, LtrvrN and Kn.rsNovsxrl
1957; Kn,rsrovsxtï, Bvs'rnovrr and SoRoxrNa l96l) rvho have also found a phototransformable
(647 nm absorbing) and a non-phototransformable (630-635 nm absorbing) pignrent in the
etiolatcd leaf. Hos'evcr, in the rcports in the literaturc, the maximurn absorption of the trans-
forured nlalcrial is located at 682 nnr, while in our experimcnts it is found at 676 to 678 nm,
providcd vcry short-tirne irradiations of sufllcient light intensity, lollorved by irnmediate freezing
at liquid nitrogcn tcmperature, are used.
' 

We call the species present in the etiolated leaf P 657-'647 (initial protochloro-
phyllide-lipoprotein complex, StnoNvar, MrcHm-rilolwERrz and MeosEN 1965),
and the species lormed by short time irradiation P 688-676 

- 
the nunlbers pertaining

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

3. Irreversibility 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 rve succeed in reversing the formation of P688-676
by light.

Etiolated samples were first irradiated with 647 nm light of high intensity to produce
tlre 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 photoconversion of P 657-647 into
P 688-676 was never reversed.

4. Estimation of the extcnt of the phototransformation

It rvas found that, - keeping constant all physical conditions of excitation, reception
and registration of fluorescence and exciting with the 434-436 nm emission of
a nrercury Iamp as indicated under "Methods" (set-up of Fig. 2) -, the height of the
lorv temperature fluorescence peak of an etiolated leaf at 657 nm was equal to that
of the flashcd leaf at 688 nm provided this leaf had been frozen irnmediately after
total transfornration of the pigment using the set-up of Fig. 1 (Fig. 7). The percentage

of thc phototransforrnati on (Tl) could therefore be estimated from the ratio:

(intensity ol fluorescence at 651 nm after phototransformation) tr 657 O
(intensity of fluorescence at 688 nm after phototransformation) .E 688

applying thc formula

1o / 100'/o t+r
Fig. 8 reproduces an example of Tl estinration. It shows how the intensities of the

fluorescence at 657 and 688 nm were corrected for contributions from other pigments.

Tlre contribution of the 630 nm fluorescing pigment at 657 nm was estimated after
the cornplcte transformation of P 657-647 into P 688-676 as shown in Fig. 8a.

o



REDUCTION OF PROTOCIILOROPI{YLLIDE INTO CIILOROPIIYI-LIDE I

The ratio

R657 : H1657

H1630

was obtained from spectra of control leaves which had been illuminated by a poly-
chromatic saturating electronic flash Qight control samples Z). The corrected value
Ë 657 of the emission of a partia[y transformed sample at 657 nm was calculatcd
from the registered spectra as follows:

H 657 : H 657 - (r/ 630 . À 6s7) tU

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. 8c).

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 (! I flash), - the
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sample being frozen at liquid nitrogen temperature immcdiately aftcr the flash. (l) is the correction
to be subtracted from the height olthe fluorescence at 688nm oltheflashed samplecalculated
from (/J 657 + rf 688) À 688, in which l/ 657 is equal to zcro (see Fig. 8). The registrations were
mâde with the set-up of Fig. 2, which makes it possible to rcproduce identical physical con<ti-
tions of excitation and reception of fluorescence in a series of samptes.

J

IHD63oGrrr),eH 
6]oC:tr .1]x ncsz (rlesz+Huo)x Rrer

Fig' 8. An illustration of the mcthod for catculating the pcrcentage transformation of the pigment
fluorescing at 657 nm (P 657-647) into the pigmcnt fluorescing at 688 nnr (P 688-676). The
spcctra were registered at liquid nitrogcn tcmperature using the sct-up of Fig. 2. (Othcr ex-
planations in the text.) The line of zero fluorescencc is drarvn in admitting that the entission
at 800 nm is zero (see Fig. Z).
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The contributions of the 630 and 657 fluore scent pigrnents at 688 nm were estimated
before any phototransformation, as shorvn in Fig. 8b. The ratio

À688: l/D 688

HD630 + 8D657

was measured on fluorescence spectra of control etiolated leaves (dark control sam-
ples D), 

-HD657 being the corrected values of the emission at657 nm for control
etiolated leaves calculated using formula tll (Fig. 8b). The corrected values E 6gg
of the emission of a partially transformed sample at 688 nm was calculated from the
registered spectra as follows:

tr 688 : 11688 - (tr 65i7 + I/630) À 688 tzl
11688 and iI630 being the heights of the peaks of the partially transformed sample
at 688 (before correction) and 630 nm respectively, and E 657 being the height ofihe
emission of the same sample at657 nm corrected using formula tll (Fig. gc).

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 (z) from
rvhich the ratios À 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 À 688 were fairly constant while À 657 fluctuated more (Table 1).
Values of T/. for typical series of measurements at room temperature are given in
Table 2.

5. Action spectrum

Action spectra for the P 657--647 -i p688--{76 transformation were determined in
measuring the percent transformation (T'l) as described in the previous section.

The 'etiolated Ieaf samples rvere 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 1 at the different wavelengths were estimated using a bolometer. The percent
transformation was thereafter calculated at every wavelength for a same value of L

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

6. Kinctics of the phototransformation

The kinetics of the phototransformation was estimated for different light intensities f
and for some wavelengths in the red. The illuminations were performed using the
intcrfcrcnce lllters described in "Methods". The time was measured by the calibrated
photographic shuttcr (Fig. 1), the leaf samples being frozen in liquid nitrogen at the

o
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REDUCTION OF PROTOCIILOROPI{YLLIDE INTO CIILOROP}IYLLIDE I.

Table I

A series of expcrimental values of À 657 and .R 688.
(R 657 was calculated from completely transformed controls, and À 688, from etiolated controls,
as shown in Fig. 8.)

lR 657 À 688

2t'l

0.286
0.1 82
0.200
0.200
0.333
0.258
o.373
0.21t
0.lll
0.294
0.I00
0.127
0.130

0.129
0.134
0.I65
0.143
o.129
0.155
0.145
0.t50
0.128
0.r30
0.t32
0.I08
o-t22

o

R o.216 0.r 36

Standard error o.o24 0.004

Table 2

An example of To/"estimation, (A 63}nm Barr and, Stroud filter was used in the device of Fig. lA;
thete-mperature was jloC; theintensity of the light was of the order of 4OO.l0-ll einstein.

"m-2 
s- 1.)

Time (s)
Repetition no

0.881 0.461 o-241 0.r21

o
I
2

3

4
5

6
7
I
9

l0
ll

59.8
55.6
59.7

58.9
63.8
60.5
57.8
63.7
58.9

37.7
40.0
39.I
46.3

42.9
51.7

49.0
47-6
46.7
41.2
49.2

24.6
32.4
30.2
10.t

25.3
24.6
30-2
27.9
2s-9
30.7

18.3

t7.l
I5'l
t8.2
18.7
20.2
16.0
15.9
14-4
16.9

t7.l7% 59.8 44.7 28.1

Standard error 0'86 2.4t 0.90 0.58

I
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173 very end of the illurnination. The percent transformation was measured as described
above (Fig. 8).

Fig. 10 shorvs that different kinetics u'ere obtained depending on the wavelength
of the photons. The phototransformation of P 657-647 followed, or tendedtowards

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 li-eht but it depended on the purity of
ll"re 647 nm photons as shown in Table 3.

r-oc.t

rs

630 640 650 6 0.1 r 0.2,

pie. s. Rclative .n .,iu.nJ?or ..a
photons of different wavelengths for
the translormation of P 657-647
into P 688 - 676. Thrce 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 wavclengths
cxperimèntcd. The percentage trans-
formation found at 650nm was ar-
bitrarily lixcd at 2 relative units. Da-
shcd curve, one serics of measure-
ment. Solid curver average between
the three series. Dotted curve (l),
absorption spcctrum of an eliolated
leaf at liquid nitrogen temperature.

Since, when illuminating with (pure) 647 nm photons, the kinetics of the photo-
translormation was of the {irst order, it appeared necessary to assume that, in this
case, it consisted of a photoreaction, the rate constant k of rvhich depended on the
intcnsity of the light / and on the absorption coefficient e of the untransformed
pignrent (P 657--647), as follows:
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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 641 or 630 nm photons.
, : (100 - T%).'T)( was estirirated 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. lA.
The time scale ol 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 l0-11 einstein.m-2 s-1 at both wa-
velengths). This method, which makes use ofr,
formula [A 3], avoids the difficulties involved in\"
the exact mechanical measurement of a great
series of short times.
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Tablc 3

Influerlcc of thc purity of the actinic photons on the ordcr of thc kinetics of the phototransforma-
tion' (In column /, the light was filtcred by a Baird and a Barr ànd stroud 647 nnr liltcr; in .olur,*2,by a Baird 647 nm filter alone; in column 3,by a Barr and Stroud647 nm liltcr whiclr lra<l bcendamagcd and was somewhat transparent for pÀotons of other wavclcngths. É is the first orderconstant per unit time).

Duration of the
illumination

I
(647 nm photons;
half band width:

3.0 nm)

T%k

2

(647 nm photons;
half-band width:

4.2 nm)

3
(contaminated

647 nm photons)

7:% k T% k

7.2
6.1

4.9

2.3

o
0.0677
0.121

0.241

2s-6
39'7
62-9

4.4
4.2
4.1

6.6
7.5

7.1

38.7
s2.3
69,4

r(max - Kmln 0.3

z * 0 bcing the quantum yield of the phototransformation (Appendix I; in the pro-
lamellar body, the magnitude of n seems to depend essentialiy on the age of the leaf
and on the temperature). Formula [3] shows that, at a known light intensit y, k mea-
sures 6 multiplied by n; (kln) also mcasures the frequency of the absorption acts
which take part in the observed phototransformation. It follows that the kinetics can
be written

7-À : 100 (l - "-0,) Fj
in which Tl is the percentage of the pigment molecules initially present which are
transformed by light during time t

If it is acceptcd that, at any wavelength, the phototransfcrmation results from
photoreactions like those found rvhen illuminating with 647nnr photons, the kinetics

a--founf with 630 nm photons should result from a particular combination of photo-
\-.reactlons running at different rate. Indeed, the slope of T.l versus time at 630nm

can be interpreted by such a combination.
The model of Fig. 11 represents a plausible, preliminary interpretation. It includes

two lipoproteins bearing pigrnents: the first lipoprote!n contains a 647 nnt absorbing
pigment (cornplex a). The second lipcprotein contains the same 647 nm absorbin!
pigntent, but it is associated rvith a non fluorescent, accessory pignrent rcsponsibll
for the 630 nm absorption seen on Fig. 6 (complex à).

The model assumes that:
1) at rvavclengths above 645 nm, the absorption of the 630 nm pigment is negligible,

the only absorbing pigrnent being the 647 nm spccies in botl cor.pplexes a and. b,

36'0
59'6
82.2
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280 while at rvavelcngths below 640 nm, the absorption of the 630 nrn pigment becomes
appreciable;

2) the nolar absorption coefficient of the 647 nm pigment is the same for any
n'avelength in both complexes a and b; this assumption implies in particular that the
orientation of this pi-eme nt and its interactions with the lipoprotein are the same in
both complexes a and à;

3) the value ol n associated in formula [3] rvith the 647 nm pigment (n 647) is the
same, at any given rvavelength, in both complexes a and b; there is also an n associated

with the absorption of light by
the 630 nm pigment (n 630);

COMPLEX (I, comprsx 0

ASSOCIAT€D
PIGHENl

630 ml

647tn PIGMENT

s
Fig. ll. Schematic representation

of the model proposed forinter-
preting the kinetics data. The
spherical form given to the lipo-
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 à 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 nn species; one single absorption coefficient; one k for a given value of .f 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, { kr,for a given value of I).

Tlre model leads us to express the kinetics of the (P 657-647 -* P 688-67Q
phototransformation as re sulting from the sum of two first order kinetics as follows:

f% : 100 - Ae-kt - (100 - A) e-k,t t5I

(see Appendixll), A being the proportion,inf, of the complex (a or b) which is trans-
formed at rate kr.

The analysis of the cxperimental kinetics for the transformation of P 657-647 by
630 nm photons using equation [5] showed that k1 and k2 tended to values which

c

L IPOPROTEIN



REDUCTION OF PROTOCHLOROPIIYLLIDI] " iO CIILOROPIIYLLIDE I.

remained constant in time îor A : 50 (Fig. 12). This held r - any Iight intensity,
i.e. îor any value of k, and k2 (we investigated values of k, .. , ât 630 nm in range
of 30 tinres). This feature seems to be related to the slope of r,, ;urve or T\in func-
tion of time. It implies that, in the etiolated leaf, the moleculal ratio of complex a to
complex à should be equal to 1. on the other hand, in the pre-rcnce of (pure) 647 nm
photons given alone (or ofphotons oflonger
wavelengths), I in [5] is either equal to zero or
to 100, i.e. kr : kz(the kinetics are first order).

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
T%. It is seen that the calculated and experi-
mental values agree quite well, except in the
region where T/"exceeds 85f.

Fig. 12. Values for k, and k, found in applying equ-
ation [5] to the kinetics of the transformation of
P 657-647 by 630nm photons for diflerent values
of (l) and for different pairs of the duration of
the illumination (0.025 and 0'05 s; erc ...). The
calculations were made by means of an IBM com-
puter. (l) intervals were 0.01. It is seen that both
&1 and k, tend, to constant values for A: 50.

5
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3s0
I<

300
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K

4.2 - K2

-5

-t l0 20 30 402150
Table 4

Comparison of the experimental values of T'lwith the values calculated using the constants 1g1
and it, derived by means of equation [5] for I: 50. (The experimental data are those of Fig. lô
for 630 nm photons; &r("-r) : 30.5; kz'-rr: 4.2,)

Yalues of Tol
Time in s

Calcutated Experimental

0 021 -0.05 r

0.1 -0.2 r

I
I
I
I
t
,l
t
\

0 t2t

05-o.

0.2
3

C
0.025
0.05
0.10
0.15
0.20
0.25
0.30
0'35
0.40
0.45
0.50

31.6
48.5
64.8
71.3

78'3
82.5

85.8
88'5

90.7

92.4
93.9

31.5
48-2
65.2
73.5
78.5
82.2
85-0
86.8
88.4
89.1

90.0
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282 7.'Estinrating the rr tiro absorption spcctrum of P657-647 from kinctics data

According to equation [3] and to the model of Fig. 11, one of thc two values k, or kr,
as calculated from the kinetics produced by 630 nm photons (equation [5]), is related

to tlre absorption of 630 nm photons by the 647 nm pigrnent in complex o (t Ztï,
rvlrile the value of k for the kinetics produced by 647 nm photons (equation [aD is
rclated to the absorption olthe 647 nm photons by the 647 nm pign'rent in both com-
plexesa andb(kfil

If kr, À-2 and k àre mcasured for the samc intensity of the actinic light 1 (at a given,

constant tenrperature), and if \\'e assullte thal n 647 does not vary with wavelength,
rve find according to formula [3]:

k _ 1.n647 .e647 _ t647 _ ,
krork2 1.n647.e630 e630 t6I

rvhere e 647 ande 630 are the absorption coefficients of the 647 nm pigrnent for the

647 and for the 630 nn'r photons respectively.

We calculated k, and k2 from kinetics data for a given illumination rvith 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, u'as found equal to 0'158, /c2 to 1'058 and fr to 0'608.
C was therefore equal either to

^ k 0.608Lr : - : 

- 

: 3'85 , '

' kr 0.158

or to

^ k 0.608
C" ::: -------- : 0.58' k2 1.058

The second value was er:luded, since the absorption ofthe 647 nm pigment cannot be
higher at 630 nm than at 647 nm. k, was therefore identical to k|il.

Sinrilar measurements and calculations rnay be nrade at different wavelength pairs,
each of them including 647 nm and another wavelength. Theoretically, they should
lead to the establishnrent of a spectrum for P 657-647 relatively to its 647 nm in vivo
maximum, whose form should correspond to that of the in vivo absorption of
P 657-447 if n 647 remains constant with wavelength.

We are not able to prcsent this uz vivo spectrurn in detail. but the above value of Ct
(and some others) shorvs that its form is prcbably very near to that found for proto-
chlorophyllide in solution. Indeed, the ratio between the in vitro absorption coeffi-
cicnts 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

99 : l'g
c 606

0

Ç,,
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(in ethyl-ether), a valuc practically identical with Cr. It follorvs that tlre quantutrr yicld ,tl
n647 in formulae [3] and [6] probably does not vary with rvavclen-stlr. I;trrthcr in-
formation concerning n will be given elsewhere. 

ÿrrs<rrt' I rrrrrrvr rrr- 
]

DISCUSSION

The model of Fig. 11 is reminiscent ol the first of thrce hypothcscs prcsentcd by Boanouax
(1962) to account for the kinetics ofthe conversion ofprotochlorophyllidc 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-protcin Inolecules..., but thc proto-
chlorophyll molecules ofone complex are convertcd to chlorophyll a at a diffcrcnt rate fronrthe
protochlorophyll molccules in the othcr complex". On the basis of thc expcrimental results

available, BolRor,rlN was unable to decide between'the above hypothesis and two bthers; they

appeared at that time as equally reasonable. He derived equation [5], but did not intcrpret ex-
plicitly the mechanism of the reaction-rate differentiation between thc postulated complexes,

although equation [5] implicitly included the intcrpretation (see Appendix I and II). BoanoueN

found that equation [5] litted in well with the cxperimental data for ,l equal to 50.

BonnoulN expcrimentcd with purified protochlorophyllide-protein complexes in solution.

He was led to explain the expèrirnental kinetics as the sum of two first order reactions because he

found that any irrteraction between prorochlorophyllide-proteiri 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 - protcin m<jtecules and is not influenced by the viscosity

of the medium".
One may rvonder about the coincidence between our mod;l and Boenou.a.N's hypothesis, since

Boln»uaN measured chlorophyllide and probably chlorophyll formation, while our measurer

ments are only concerned with the (P 657-647 + P 688-676) phototransformation. At first
sight, this coincidence seems exptainable since, in BolnoneN's experiments, the rate limiting
factor was the intensity of the light. He gave 8'5 pW cm-2 to less than I pW cm-2; in some

experiments the phototransformation rvas followed for times as long as l50min. We could

suppose that, under these conditions, the kinetics was determined by the rate limiting light phase.

Our observation that the phototransformation follorvs a first order kinetics when illuminating
with photons of 647 nm (or longer wavel;ngths) not only leads one to cl'toose BolnolllN's ûrst

hypothesis as thc most suitable model for the P657-647+P688-676 phototransformation.

It atso providcs a simple, physical explanation ofthe differentiation ofthe reaction rates between

the two protochlorophyllidc- lipoprotein cornplexes.

The model designed in Fig. I I is naturally not to be consideied strictly. It provides a general

idca rather than an exact picture. We do not know very much about the real links bctween pig-

mcnts and lipoprotcins. We do not know how the moleculês are arranged inside the prolarncllar

body. It is, for instance, very likely that the relations betrvecn lhe 647 ntn pignrent and the protein

differ from those betwcen the 630 nm pigment and the protein (different protein subunits may be

involved?).
It seems that facts related to those prcsented here were observed in 1962 by rvorkers in Kns-

Novsxrl's group. RuuN et at. (1962) found that both thc 690 nm fluorescing pigment, - which

first appears as a result of the phototransformation of thc 657 nm species-, and this last species

itself, exhibit tfte same value ol the fluoresccnce lifetimc r at normal lcnlperature as wcll as the

same value olthe absorption integral 1:Je, dr'; e, bcing the molar absorption at the frequcncy v).

On the othcr l'rand, the Russian autl'rors dcscribe expcrinlents indicating that, u^ten etiolated bcan

Ieavcs are illuminated at -l2O"C, sorne pigmcnt spccics is fo'nrcd »hicl'r is transformed into
chlorophyllide in the dark. Thcy however did not cxplicitly dcscriLrc P 688-676 as a spccies

distinct fronr the chlorophyllide-lipoprotcin cornplex.
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284 Appendix

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

dP
--:kPdr

IAl]

which gives after integrâtion:

P -- Poe-*t

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

If the photon fluence (BnowN and JosNs 1967) or energy flux I, - defined as the number of
photons having reached the P molecules at a given time t:

t - t ,..-r^'--2.,- IA3lLphotons cm-2 - 'photons s-lcm-2't,

/ being the intensity of the incident beam-, is substituted for the time (f constant), we have,

sirnilarly to IAI] and [A2l:

tÀ2I

lA4I

0

which gives after integration:

p : po e- K'L tAsl

K, has the dimensions of a cross-sectiôn, cm2 molecule-r.It is the virtual area to be ascribed to
a phototransformable molecule for picking up the quântity 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 e. defined by the Lambert-Beer law:

tnb: ,rdI
(where Io is thc intensity of the incident beam, / the intensity of the transmitted beam, c the con- Q;
centration of the absorbing molecules and d the thickness of the solution), divided by the

Avogadro number JV:

n 103
IA6]Ki,otc.ut.- I cm2 

: -]- Smotccule- t cm2

rr being some constant different from 0.

It obviously fol,rws from [42], [A3] and [A5] that:

dP
- -: K,P

dL

kLh
_f

K'tt
tATl
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Substituting for K'in [A7] its value in [A6], we obtain:

z 103
ks-t: Ç €-ol.".lc-t cm2 fphotons s-r cm-2 tASlN

[A8] says that /r represents the frequencyofthe absorption acts taking part in the obscrved photo-
transformation: it is the number of effective photons which are absorbcd per motecule 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
moleculc, and to n.

It appears from [48] that r is equal to I whenever every absorption act effectively takes part
in I phototransformation: / molecules (P) which absorbs yhv -> yP* --> yp,@\ being a motecule
of the product. In this case, n: yly:1.r is lower than I when.some of the absorption acts do
not take part in the phototransformation: / molecules (P) which absorb yhv --+ yP+ -->

-'>$,'- a) P * ap; n: all ( l. Some of the P*'s are de-excited before transformation into p.'
z is higher than 1 when each absorption act transforms on an average more than I molecule:
y nrolecule (P) which absorb yâu + yP* + (some unknown mechanism) --> (ay) p, with r : a ) l.
In this case, the excitation resulting fronr 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 ,, 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-r (or moles einstein-r).

If a is substituted for e in [A8], -a being defined by:

I^logJ: acd-,I
[48] is written:

n 2.3 .lltk: "-":= aI a! n4x t}-2ral tAgI
IT

(see RratNowlrcH l95l).
II. The proposed model assumes that the photoconversion rate oî lhe 647 nm pigment in one
complex does not depend on the photoconversion rate in the other complex. This condition
implies also that lrapping 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), Bo,lnpprlN's (1962) derivation may be adapted
to the model of Fig. I t as follows:

If lo is the number of molecules of complex a which are initially cxposed to the photon beam
at t: 0, I being the photon fluence and Ki the cross-section of th€ 647 nm pigment, u'e find, by
applying [45], that the kinetics of the photoreaction is given by:

A: Aoe-x' ù
Similarly, if .Bo is the number o[molecules of comptex â exposed to the same beam at t: 0 and
Xj is a certain function of the cross-sections of both 647 and 630 nm pigments, rve have:

B - Bos-Kt zt

Since every molecule of cornplex a and ol complex ô bears I moleculc of the 647 nm pigment, the
sum ./o { Bo is equal to the number of 647 nm pigmcnt molecules to be transformed (initial
number of molecules of the protochlorophyllide-lipoprotein complex).
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On the othcr hand, if (a) is the proportion of the moleculcs of complcx air.(Ao * Bo), (l - a)
is the proportion of moleculcs of complex ô. The partial pcrcentage transformation of the 647 nm
pigmcnt in contplex a is:

À^- A
f, partial (",'.):':# l00a: l00a(l - e-x"z).

Ao

Similarly, in complcx à, this percentage is:

The total percentage lranslonnatiori 2n of the 647 nm pigment fo1 both complexes a and à is the
sum of (Zo p.rtiut) and (76 parriat):

T(%): I0ca(l - e-x' ,L) + 100(l - a) (l - e-x' ,L) --
I00 (l - ae-K'rl) - (l - a)e-K'zL1 tA tol

[A l0] obviously rcduces to: Tol: 100(l - aeKL) for Ki : Ki, - acondition which is reached
in the model rvhen the 617 nn pigment absorbs (pure) rnonochromatic photons of a wavelength
equal or higher to 645 nm (in this case, a single cross-section is involved).

Replacing KiandK)inlAl0lrespectivelybythefrequencyof absorptionactskland k2and.
the photon fluencc Z by the time t (sec Appendix I), rve get:

T(:/.): l0c(1 - ae-k tt - (l - a)e-kz\ tAlll
The previous argument may be extended to any number of molecule families like complexes a

and ô, provided the assumptions made above are preserved. We can write that in general, for z
families rvith n distinct cross-sections (Ki to K):

T (y") : 100[ - ap-k' ,L - ,2"- R' zL - .,. - en- L "- 
K' n - rL -

- (l - ar - a2 an_1) e-R'nL] tA l2l
in which atlo on-r represent thc partial proportions (infi) of n - I families.
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llry'ra;rocr Àel-{crBrre cBera }Ia nporox.nopoQr{rn}rÀ-nporcunosrrr"r roN{nreKc y rtura}ûHr,rx 3Trro-
nHpoBaHHblx JIHcrb3B, Ert:ru npultenerrbr rrH3l(oreMneparyprrar cnexrpo$nyopor\rerpils r.{ rrÀrrrynrc-
Hoe ocBeuleHlle (neHee.reNl I cex rlo I Àrcex). OolrapyxeHo, ïTo nepBLtc ua6,rrcÀaerrsrc c[exrpa,qË-
HbIe u3lüellet{Iu orBcqa}or Soronpo4yrqru oco6ori {ropr.ru nÿrrMeHTA B TetrcrrHc orler{È Koporxoro
IrHTepBaJ'Ia eperreuu. 3ra SopMa OTruqaerca or xnopo$HrJrHÀ-nH[onpoTcl{t{OBorO xorm-ncxca U 6rt-
JIa Ila3BaIrHa Poea - ozo. flpN lrcnolr:oearrall 630 nm (rruN $oroxon 6o:rce roporxofi À.rrurlrr nonxu)
6u:ro o6rrapyxeHo, rtro Kr{r{errlKa 3Tr{x I{3\{eHeIrnü npe4crau,n-ner co6oÿr H3\Icrrcrru{ nepBoro [o-
prÀKa. Ànq o6tscnerrrrg 3KcrreplMeuraJrÈrr[rx ÀarrrrBrx rrpcÀJloxerra npeÂBaprrrerrHa, ÀtoAeJIË,
Bx;IloraloulalI ÀBa copra Jlrnonporcull-nporoxlopo$xnnnÀoBoro xor{rulcxca, oÀ}rH H3 l(oropblx
noryqaer cBeroByro 3treprt rc or Ào6aaoquoro nlrrNlcxTa.
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