vV U gl U2y

Submitted to Biochimica et LBL-2471
Biophysica Acta Preprint c.\

ENERGY TRANSFER FROM PROTOCHLOROPHYLLIDE TO
CHLOROPHY LLIDE DURING PHOTOCONVERSION OF
ETIOLATED BEAN LEAF HOMOGENATES

G. Douglas Vaughan and Kenneth Sauer

December 5, 1973

Prepared for the U. S. ‘Atomic Energy Commission
under Contract W-7405-ENG-48

' " VEW
- T resEl
F R f RADIATION LABORATORY
OoF Kererence
JAN 14 1974
Not to be taken from this room LIBRARY AND
k J DOCUMENTS SECTION

VLv2-T1dT

\.3




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



‘§J 0 4 of

o

.,..4
T
! dotic

U b 30

ENERGY TRANSFER FROM PROTOCHLOROPHYLLIDE TO CHLOROPHYLLIDE -DURING
PHOTOCONVERSION OF ETICLATED BEAN LEAF HOMOGENATES.

" G. DOUGLAS VAUSHAN and KENNETH SAUER

Chemistry Qgpartment and Laboratory of Chemical Biodynamics, Lawrence

Bekkelgy Laboratory, University of California, BerkeTey, Calif. 94720

(U.S.A.)



SUMMARY |

The photoéonversion'of protoch1orophy11ide to chlorophyllide in .
etiolated bean leaves or leaf homogenates exhibits complicated kinetics
that ~is neither simple first—ofdef nor second-order with respebt to
reactant. The source of this‘complexityvabpears to be the intermolecular
transfer of e]ectkonichXcitation energy from prdtoch]orqphy]]ide to
chlorophyllide. At room7témperature thié océﬁrs with inéreasihg proba-
bility as the product chlorophyllide is formed and serQes to deCreaSe
the quantum yfer for protochlorophyllide photoconversion. Evidence for
the éxcitatipn transfer is obtained during the course of photoconversiqn
by cdmparing the ch]orophyl]ide absorbance withvthe intensity of chfoko—
phyllide fluorescence excited at wavelengths where both pigments absorb.
‘Measurements of the po]ar1zat1on of chlorophy111de f]uorescence indicate
that eff1c1ent excitation transfer occurs at room temperature over pig-
mentvqggregates containing at least four mo]ecu]es, The rejative quantum
efffciency of chlorophy]]ide-exéited chlorophyllide fluorescence remains
légnstant dhriﬁd'photbconversion of hombgenate or'étioplastvpreparations.
- This result does not support thé'proposa] of increasing e{citon inter-

action between chlorophyllides during the course of photoconversion.

INTRODUCT ION

The photochemical reduction of protochlorophyllide to chlorophyllide
in etiolated angiosperm seedlings has the}chafacteristics of a photo-
enzymatic reaction]’z._ It holds special interest because the photocon-

version triggers a dramatic reorganization of the plant cell organelles



1eadihg to the formation of photosynthetiCale active membranes charac-.}
teristic of hature chloroplasts. | '
“In an eefly study of the kinetics of the protoch]orophyT]ide.photo—
conversioh’in‘bar1ey leaves, Smith_end Bem_'tez3 reported second-order.
~ behavior and suggested.a requikeﬁentvfor collisional pfocesses.' Boardman4,
using protoch1orephy1lide hQ]ochrOme‘preparations, found the kihetics to
be more consistent With'a sum of two exponentials, which eliminated the
need for 1ntermo]ecu1ar collisions, and he suggested that two environ-
menta]]y d1st1nct forms of protoch]orophy111de are converted at d1fferent

 rates. S1ronva1 _t__l;F

found similar agreement with a sum of exponen—v
tials Wheh the photoconversion Was effected with 630 nm light, b&t found
s1mp1e f1rst order behavior with 647 nm actinic light.

Hore recent studies have suggested that the klnet1cs of photoconver-
sion is st111_more complex and that there is exact agreement wtth neither

first- nor second-order formulations. Thorne and Boardman6

proposed that
the complex kineticslarises from the decreasing efficiency of photocdnver—
esion as the reaction proceeds. They attributed this to the increasing
efficiency of energy.transfer from protochlorophyllide to the newly formed
ch]orephylliqe--the probability of such energy transfer'being proportional
" to the concentration of ehldrophyllfde Nielsen and Kahn7 formulated a
k1net1c scheme wh1ch exp11c1t1y includes mechanisms for de exc1tat1on of
photoexcited protochlorophyllide. The mechanisms which they envisioned
include first-order therma] de-excitation; self-fluorescence, and energy
transfer to chlorophyllide (the rate for which is assumed te be Tinearly

dependent upon the concentration of chlorophyllide). This formulation

fits their data through 80-85% conversion. ilielsen and Kahn also reported
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that the kinetics for photdconversion of ho]oéhrdme éubunits containing
only a single pigment mo]ecﬁle is first-order. |
Estimates of the size and nature of the molecular array over which
energy transfer occurs differ widely, depending on the sample prepara-
tion used and. the coﬁditions under which meaéurements are made. ' Schopfer

8

and Siegelman', in isolating holochrome from barley, found two to four

protochlorophyllide pigments per 600,000 molecular weight unit. Kahn

9

et al.” concluded on the basis of measurements of excitation transfer

efficiencies at 77°K that there are at least four pigment_mo]écu]es per

10

holochrome prqteih. Thorne' -, however, working with intact etiolated

Teaves, found that excitation transfer at 77°K appears to occur over as

1 interpreted circular

many as 20 molecules. Finally, Mathis and Sauer
dichroism measurements on crude homogenéte preparations from bean to
demonstrate that protochlorophyllide molecules are associated as dimers.
The présént study of etiolated and post-etiolated homogenate and
etiobiast preparations indicates that the*kinetics is more complex than
a sum of two exponeﬁtia]s. Wé suggest that pigment aggregates do indeed
permit consfderab]e excitation transfer, thus complicating the kinetics.
'T;;nsfer of excitation from protochlorophyllide to chlorophyllide is
demonstrated at room'tempekature,'thus establishing a firm'basis for
kinetfcvformu1ations such as that of Nielsen and Kahn7. Furthermore,
’ ‘the fraction of protochlordphyl]idevexcitation transferred to chloro-
phyllide increases as photoconversion of a sample proceeds. The transfer
efficiency is very nearly linearly dependent on the concentration of

chlorophyilide. Chlorophyllide fluorescence becomes progressively

depolarized during the course of photoconversion, indicating a minimum
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pigment group size of four ch]orophy]Tideumo]eculesa Finally, measure4
ment df.the're1ative'QUantum yield of'chlorophy11ide f]uorescenee during
photoconversion indtcates that the intrinsic fluorescence effieiency is _
constant--a f1nd1ng that does not support the suggest1on that p1gments

are closely assoc1ated as d1mers

MATERIALS AND METHODS -
K1dney beans, d1s1nfected with Arasan (duPont), were planted in

verm1cu]1te wh1ch had been br1ef1y soaked in water. The seedlings were

' then grown‘1n darkness at about 22°C for 11-13 days Harvesting was

done at room temperature under a green safe11ght, subsequent operations

were carr1ed out at 4°C in darkness or under the safe11ght Each prepara-

3. ;

tion was derived from leaves of the same,age, and no variation among
preparations that might'be attributed to leaf age differences was. .
detected. |

Bean 1eaf homogenate was prepared by Qrinding about 20 g of leaves
1n 10 ml. glycerol and 30 ml sucrose-tricine buffer consisting of 0.1 M
tr1c1ne, pH 8.0, 0.4 M sucrose, for a total of 5 min in a War1ng B]endor
The 5-min homogen1zat1on period was divided into several shorter intervals |
to prevent overheating the sample. The brei was then fi]tered through

four layers of cheesecloth and centrifuged. for 30 min at 20,000 x_g.’ The

~ supernatant was dialyzed for 12'h against buffer diluted 10-fold, recen-

trifuged for 90 min at 20,000 x g, and concentrated by ultrafiltration
against polyethylene glycol 6000. The resultant homogenate was then
made to 1.2 M sucrose with a solution of 2.0 M sucrose in 0.1 M tricine,

pPH 8.0. The red absorption,maximum of the homogenate was at 640 -,
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moving to 678 nm following photocdnversion (see Fig. 1). No subsequent
'specfra] shifts were observed at room temperature. |

Etiop]asts were prepared. from etiolated bean leaves by grinding
about 16 g of léaves in 50,h1 buffer so]uiion consisting of 0.1 M tricine,
pH 7.5, 0.4 M suﬁrose, in a Néring Blendor for 45 sec. The hombgenatebl
was thenrfilfered through eight layers of cheesecloth and centrifuged at
350 x g for 8 min. The pe11ét waé washed twfce with buffer, then resus-
pended in a mfnimum-amount.of 70% buffer solution/30% glycerol. The etio-
plast prepération showed an absorption maximum at 650 nm, shifting to
681 nm when photoconverted at -10°C. No dark shifts vere seen following
conversion at -10°C. |

The fluorescence of chlorophyllide was usually measured in a Perkin-
Elmer MPF-2A fluorometer. The emission monochromator was set at 685 nm
.(20vnm'bandwidth) for the experiments in Figs. 2 and 3. For the rest of
the experiments;.the monochromator was set at 690 nm (40 nm bandwidth)
-and a 690 nm interference filter was placed in the emission beam. The
wavelength and bandwidth of the excitation beam are given in the figure
lggends. The actinic Tight passed through several pieces of translucent
tape so that the entire front surface of the cuvette coritaining the sample
received thevsame illumination. The sample cuvette was covered wfth_ |
reflecting aluminum foil on the surfaces.opposite the excitation and
emission beams, and was cooled when necessary by passing cold N, gas
through thé sample block. In some of the experiments to be described,
chlorophyllide fluorescence was also measured in.a Cary 14 spectro-
photometervfitted with a Model 1462 scattering accessory. In these

instances, fluorescence was excited with 440 nm-illumination which passed
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through trahsiﬁgént tape and was measured through a Kddak #70 Wratten
vfilter-whfch blocked the actinic beam as well as all emission below about
660.nm | For fluoressence1meaSurements, the Céry 14 was operated in the
reference mode with a 11near ( T). s]idewire,»'The jackéted sample cuVette'
was cooled w1th cold: NZ gas. | |
]Absorpt1on,measurements were made on the Cary 14»witﬁ an expanded

scale (0.0‘- 0.2 absaorbance) slidewire; The standard sample compartment
: was usédngcept for Fhe absorption'spectra of etiop]ast suspensions, where
the Mode1.1462 scatteréd transmission aécessory was used;_

| Fluorescence polarization measurements were made using the Perkin*
Elmer instrument as described above, except that aluminum foil covered
.only‘the:Side'of the cuvette bpposite the excitation beam. Fluorescence
po]arizatibn measurements on SO]utfons of fluorescein demonstrated that
the presence of the foil had ho effect on the results. A Polaroid
polarizer was oriented in the excitation beam normal to the plane defined
by'the excitation and emission beams. A second polarizer was used to
analyze the emission 1nto ‘parallel and perpendicular components. The
exc1tat1on monochromator was set.at 670 nm (4 nm bandwidth). Corrections
were app11ed to the po]ar1zat1on results as described by Houss1er and

Sauer']2

" RESULTS |

Kinetics. Etiolated 1eéf homogenates in 1.2 M sucrose were photocon-
verted in thé fluorometer at room temperature with illumination at various
wavelengths. As the photoconversioh proceeded, the fluorescence of chloro-

phyllide excited by the actinic beam was measured continuously. At regular
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intervals the sample was remoVed‘to a spectrophotometer and the absorption
spectrum recorded. At the end of the experiment, complete conversion was
effected by exposing the sample to intense i]]umihation at 640 nm for -
about 5 min.v A final fluorescence value and a final absorption spectrum
were'then recorded. Thus, both absorption changes and chlorophyllide |
fluorescence at 685 nm were obtained as a function of time of illumi-
nation. The results of five such experiments are shown in Fig. 2, each
symbol type representing a single experiment in which absorptfon at
678 nm and chlorophyllide fluorescence at 685 nm (excited at the indi-
| cated wavelength) were measured. The half times of the experiments
varied by a factor of two owing to variations in light intensity at the
sample and differences in effectiveness among the actinic wave]ehgths in
promoting photoconversion. The time scales, therefore, were linearly
adjusted so that the curves representing absorption change coincided
(see figure legend). | |

The high concentration of sucrose in the sample insured the Staﬁility
of the 678 nm form of ch]ofophy]]ide]]. However, a small fluorescence
decrease attributable to dark processes was observed. This fluorescence

.

decrease probably has its origin in the same processes that cause the

decrease in éh]orophy]]ide fluorescence yield observed by Thor'ne]0 following

photocdnversion in intact leaves. These processes are apparently sub-
stantially s]owéd in sucrose homogenate preparations. To illustrate this
‘phenomenon, and to indicate how corrections were made, Fig. 3'depicts.a
typical f]uorescénce trace vs. time of illumination. The discontinuities
occur'at those times when the sample was removed from the fluorometer to

allow recording of the absorption spectrum. These intervals were long



(about 5 min) Comparéd'to the timesiof i]]umihation. Consequently, we
concluded thét; dufiné'the course of the brief illumination periods, nd
significant decrease occurred ih the f]uorescenceiof.previously forhed‘
ch]orophy]]ide. 'Thus,jthe corrected.fluoreécénce at any time was takeh
as théxmeasdred fiuorescence plus the sum of decreases observed during
the interVals BetWeén i]]dmination periods.. The dottedlline'in Fig; 3
i]]ustratés‘the 1eve1 of correcfed“f]uofescence. (Although this method
of correcﬁfdn cannot be defended rigorously, we believe that the conclu-
sions based on thése measurements would not be materially altered even
in the absence of any corrections.) |

j "in genera],_éxperimental'Curves such as those represented in Fig. 2
(with the exception of the curve representing ch]orophyllide,f1ubres- o
cence excited at 640 nm) could be computer fit with high accuracy wifh a
sum of two exponentials.. However, there are severa1‘indications that |
| such fits_are’foktuitnus. First, for a reaction representable by a
sum of two exponentials, ahy.measured property of chlorophyllide, such
as absofbénée or f1uoréscence intensity, will be resolvable in terms of
ogly two rate constants. ConseqUent]y. if two prdperties of chloro-
phyllide are meaSuréd_durfhg the photoconversion of a single sample,
the time courses of both hropertiés should be reso]Vab]e in terms of the
- same two rate constants, though perhaps with different‘preexponential
factors.';Howéver, sucﬁ was never the case in ékperiments such as those
»i]]uStrated in Fig. 2. Second, curves were artificially generated by
sums of thrée or fbuf exponéntia]s in which rate constants differed by
factors as much .as five; The compUtér program used could usually fit

such curves with only tvo expohentialé'and with remarkable precision.
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Third, the curve representing chlorophyllide fluorescence excited at

640 nm could not be fit by the sum or difference of any two exponentials.

- Fig. 2 also illustrates another striking phenomenon. The curves -

representing chlorophyllide f]udrescence excited at 587 nm, 628 nm,
640 nm, and 650 nm all rise more rapidly than does the curve representing :
chlorophyllide absorbance (which may be taken as a measure of chloro-

phyllide concentration]]).

It is particularly notable that this dis-
parity is greatest at 640 nm, the absorption maximum of protochlorophyl-
lide. |

Ch1orophy11ide fluofescence-yield. To confirm that the observations

described aBove were not affected by a real chénge in the intrinsic quantum
yield of chlorophyllide fluorescence during photoconversion, an_experiment_
was conducted in which chlorophyllide fluorescence (at 690 nm) excited at
- 670 nm waé measured at room temperature in additioh to absorbance at 678_nm
and fluorescence e*cited at 640 nm. Excitation of the homogenate prepara-
tion at'670 nm caused no photoconversion,_and chlorophyllide may be considered
-to be the only absorbing pigment. The Eesu]ts of two such experiments afe
plotted in Fig. 4. From the coincidence of the curves representing chloro-
ﬁBy]]ide absorption at.678 nm'and intrinsic chlorophyllide fluorescence
.(E676)’ we conclude that the fntrinsic-quantum yield of cﬁ]ofophy]]ide
fluorescence is constant during the course of photoconversion in the
sucrose homogenate. To extend this conclusion to etioplast preparations,
a somewhat more complex set of experiments was necessary. in}order to
preVent subsequent dark shifts in the éh]orophyl]ide absorption, it was-
necessary‘to cool the etioplasts to -10°C; thus it became inconvenient to

move the prebaration from one instrument to another during the course of
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a single éXpefihént._ Therefore, fluorescence at 690 nm excited at 440 nm
| and at 670 nm wefe measured during photoéohversion _
in the fluorometer, and f]ubresgencé‘ekcited at 440 nh and'abSOrbancé
were simi]ar]yimeaSUred on a second sample un&er-similar conditions:in
the Cary specfropﬁotometef. The results of four such experiments on the
fluorometer and two on the'Cary‘14'are éummarized in Fig. 5. The six
curves repré#enting chlorophyllide fluorescence excited at 440 nm (one
from each'of the six experiménts) have been made to coincide by multi-
' pTying the time scales of the six experiments by appropriate faétofs. |
~ This a]]ows'the‘direét comparison of the timé courses of intrinsic
“chlorophyl1lide fluorescence (excited at 670 nm).and chlorophyllide
absorbance at 681 nm.  As with the homogehate (Fig. 4), this compariéoh
 révea1§ thatvthe quantum yield df ch]ordphy]]fde fluorescence remains
substanfia]]y constant during the.photoconversion,

"'Po]arization:gf;f]uorescence. The polarization of chlorophyllide

fTuorescence excited at 670 nm was measured at room temperature during
the coﬁrse’df pﬁotoconversion of a leaf HomOgenate preparation. The ;
' fludrescence polarization méy be expressed as’

‘ | ' S I

where I, and I, éfe the meésure&’intensities of f]uorescencé po]arizéd
bafa]]e] and herpendiéu]ar to the po}arizedlactinic beam. The results

for two such'experiments;bwhich include the ccrrections for monochromatofv
dnomalies, afe'p]otted in Figp 6. The errdk bars represent the approxi-.

- mate experimental uncértainty in each measurement. In addition, the

results indicate that there may have been a systematic difference between the
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two sample preparations used. Hdwevér, a significant trehd in the
fluorescence po]érization is obvious. The polarization decréases from a
value of 0.38 20.08 at 6% conversion to 0.17 20.05 at 50% and 0.11 20.03

at 100% cohversjon.

DISCUSSION

Energy transfer from prot0chlorophy1]ide'to ch]drophy]iide at_77°K

9510 and has been proposed

to occur at room temperature in recent kinetic schemes6’7;

. has been demonétrated by sevefa] investigators
. The‘occurrence‘
of such éxcitation transfer at room temperature is the most straightforwafd.'
explanation for the observations illustrated in Fig. 2. We propose that

the relatively high levels of chlorophyllide fluorescence excited at 587 nm,
628 nm, 640 nm, and 650 nm during the early stages of photoconversibn arise
from the fact that, while some of the actinic illumination absorbed by proto-
: chlorophyl]ide at these wavelengths promotes photoconversion, some of the
energy is transferred tokfhe newly formed chlorophyllide. Thus the chloro;
phyllide fluorescence excited at wavelengths shorter than 660 nm is depeﬁdeht
not only updn the concentration of chlorophyllide but also upon the concén-
tration of photoacfive protoch]orbphy]lide. When chlorophyl]ide emission

is excited by direct ébsorbtion of actinic i]]umination, and at the Tow
sample concentrations used, ch]orophy]]ide fluorescence is proportionaf to
the concentrafion of the pigment and shows the same time course as absorp-
tion (see Fig. 4). Therefore, the disparity between the curve representing .
chlorophyllide absorption and those representing fluorescence in Fig. 2}
arises from the contribution of energy abSorbed by active protochlorophyllide

and transfekred to the chlorophyllide. This is confirmed by the observation
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that this disparity is greatest at 640 nm, the absorpt1on max1mum of the
protoch]orophy111de in the homogenate preparat1on, and is sna]]est at 587 nm
and 628 nm, where the excitation spectrum of ch]orophy111de f]uorescence in
the comp]ete]y converted homogenate has max1ma If it is assumed that on1y
act1ve protoch]orophy1]1de and ch]orophy111de absorb at 650 nm, the above
conc]us1ons can be used to ca]cu]ate energy transfer efficiencies from the
curve represent1ng ch]orophy111de f]uorescence excited at 650 nm and that
repreSenting'chlorophyllide absorbance (Fig. 2). At any point during the
v photdtonversiOn the extent Ey» of energy transfer to ch]orophy]]ide,:
expressed as a percentage of the energy absorbed by active protoch]orophy]-

“1ide, can be calculated from the relation

£k 650 . | )
. _Eeso “Eezp  Echlide [Chlide]
Rt E "+ 7650 . 100 )
| - 670 pCh1ide  [PChYide]

Where ECSO and Eé70 are the intensities of chlorophy11ide fluorescence
excited at 650 nm and 670 nn, egﬁ?1de and'sggg]]de are extinction coeffi-
cients for ch]orophy111de and active protochlorophyllide at 650 nm, and
the brackets denote concentrat1ons The stra1ghtforward ca]cu]at1on of
-Et, however, is beset-by two uncertainties. First, since the bandwidth
of the actinic 11ght was substantial (10 nm), the re]at1ve values of the
extlnction coeff1c1ents at 650 nm do not r1gorous]y represent the relative
absorption eff1c1enc1es of the two p1gments Second, the 1nact1ve proto-
ch]orophy111de, with an absorptlon maximum at about 630 nm, makes a smal]
contribution to the absorption in the region of 650 nm. With cognizance
| “of these uncertainties,.the efficiency of energy transfer, Et’ has been

estimated from the above equat1on using Egg?1de/eggg11de 0.58 ¥ 0.08.

These ca]cu]at1ons are summar1zed.1n Table I.
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" Thorne and Boardmans, and Nielsen and Kéhn7 have suggested that the
probability of energy transfer from protoch]orpphy]lide fo ch]orophy]]fde
ié linearly dependent.upon the concehtrétidn of ch]orophy]]ide. This asser-
tion iS'veriffed by the values of Et in Table I. Using'the}value'of Et
at 10% conversion, transfer efficiencies at further conversion were
calculated assuming that the probabi]ity‘of'such trahsfer increases
linearly with the concentration of ch]orophy]]ide,'_These fheoretica]]y
derived va]ués for transfer efficiency, Eiheory’ are é]so shown in Table I.
The agreement between the latter values and the experimentally observed
values for Et provides strong empirical support for the kinetic formulation |
of Nie]seh and Kahn’. | | |

In the absence of rotational diffusion, the polarization of emission -

from isolated, randomly oriented absorption dipoles is 0.50. As expected,‘
the pqlarfzation of éhlorophy]]ide fluorescence in homogenates approachés
this value at 1ow conversion. With increasing ;onversion, the progressive
decrease in_po]arization values suggests that absorbed energy is tkans-
ferred among pigments before“emission.‘ Since the extent'of f]uorescenée
depblarization is dependent upon the relative orientation of pigment
d;po]es and upon the efficiency of energy transfer among the pigments,
the number ofvmolecules among which excitation transfer occurs cannot be
deduced from the f]uorescente polarization results. However, the résu]ts ‘
in Fig. 6 require that aggregates permitting efficient intermolecular
energy transfef.confain at least four pigment molecules. Approximately
~75% of the polarization decrease oBServed during the course of photoconver-

sion occurs before 50% conversion is reached. This result cannot be explained

by a model involving three or fewer pigment molecules, even if dipole
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orientations and excitation transfer efficiencies are chosen to maximize

depolarization. - Indeed, the results are host‘adequate]y fit if'average.
groUp sizes3are as$umed to'be five or ]arger
~The f]uorescence po]ar1zat1on of chlorophyllide- prote1n ho]ochrome

]3. They conc]uded '

in2M sucrose has been measured by Schultz and Sauer
that the observedfdepo]ar1zat1on (re1at1ve to monomer1c ch]orgphy1iide'
in viscouS'so]Vedts)‘was dge to energy transfer between pigments on the
h61ochreme‘grptein."'The present resuits at 100% conversion agree quali-

tatively with thdse'of Schultz and Sauer, though the depolarization

observed in the present work is more pronounced. One possible reason

for this disparity is that the sucrose homggenate used in the present

work contains 1arger protein aggregates than the pur1f1ed ho]ochrome

preparat1on of Schu]tz and Sauer Thus, more extensive energy transfer

'may.be possible. Measurements of ch]orophy111de fluorescence polariza-

dm"]5 were

tion in which no substantial depolarization was observe
probably performed:gn'preparations in which'pigment disaggregation had
occurred fo]low1ng photoconversion (see Ref. 13). |

| F1na]1y, the constancy of the intrinsic quantum y1e]d of fluores-
cence of ch]orophy]]1de dur1ng photoconvers1on does not conf1rmva model

in which closely coup]ed dimers of chlorophylllde ex1st]].

Such dimers
would be expected'to d1sp1ay a fluorescence efficiency different from
that of the monomers (i.e., mixed ch]orophy]]ide-protochlorophy]]ide

dimers) present at partial conversion. Changes in the shape or position

]] | In the

of the absorpt1on band during photoconversion-are also. absent
absence of closely coupled dimers, however, the CD spectra of Mathis and
Sauer cannot be readily explained. This apparent discrepancy remains

unresolved at present.
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CONCLUSION |

Our findings provide conclusive support for sdme of the more recent
proposals con;erning‘photoconversion kinetics, pigmént aggrégation, and
energy.transfer.' The current picture may be butlined'as follows:

1) Under conditionsvthat inhibit post-conversion "dark shi’fts,lll
the protochilorophyllide ahdvchloﬁophy11idé pigménts ahpear to be sub-
staniia]]y associated during and following photoconversion. '

2) Enérgy transfer from protoch]orophy]lide'to'ch]orophy1]ide com-
petes'effectfve]y‘With the photoconversion process at room tempefature
and appears_td be the primary complicating factor in the kinetics of'.
the photoconversion.

3) The nature of the pigment association does not manifest the
usual chéracteristics of excitonic interactions, although it dées pro-
duce a non-conservative, double CD spectrum. The ekcftation transfer
Teadlng to ch]orophy111de emlss1on and its resulting depolarization 1sw

probably of the 1onger range type descr1bed by Fdrster]G
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TABLE I- v
THE EFFICIENCY, E » OF ENERGY TRANSFER FROM PROTOCHLOROPHYLEIDE TO
CHLOROPHYLLIDE AT ROOM TEMPERATURE, EXPRESSED AS PERCENTAGE OF THE

ENERGY ABSORBED BY ACTIVE PROTOCHLOROPHYLLIDE

EGSO and E670 are the relative vajues of chlorophyllide emission at»
685 nm excited at 650 nm and 67C nm, respectively, as abstracted from
Fig. 2 (E670.is assumed'tp be proportional to A678—-see text and

Fig. 4); [Chlide]/[PChlide] is the ratio of the concentrations of

chlorophyllide and active protochlorophyllide. Et is then calcu-

| 650 , 650
lated for ecpiige/epchiide ~

Etheony are the calculated values for the efficiency of energy

0.58 ¥ 0.08 according to‘Eq. (1).

trahsfer based on Et at 10% conversion and the assumption that the
probability of transfer increases 1inear]y’with the concentration

of chlorophyllide.

| E E ) . - |
. - . _650- - "670 Chlide theory
% Conversion —t PChi3de Et Et
670 ! | -t
[ 2.00 0.11 R E) (13)
.25  1.42 - 0.33 275 27
50 0.79 o 1.00 46t 43

7% . 0.32 3.0 56-8 53
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FIGURE CAPTIONS S

Fig.‘1.  The absorption spectrum of an etiolated bean leaf homogenate

in sucrose, before and after complete photoconversion.

Fig. 2. Absorbance énd'fluorescence of chlorophyllide in leaf homogenates’
as a func§ion of timé of il]uminathn at room temberature. Upper four

curves from top to bbttom: ch]orophy]]ide fluorescence at 685 nm excited

at 640 nm- (8 nm béndwidth), 650vnm'(10 nm), 628 nm (8_nm), and 587 nm (14 nm)
Eespective]y.' -Lower‘curve: absorbance chaﬁge at 678 nm. Each symbol :Itype'
repfesents a singlé éxperiment in which~absofbance change and f]uoreé-

cence were measurea; The half time for each experiment, as measured

by'A678; has been,adjusted to the samé ya]ue by multiplying each time

scale by the appropriate factor. The true half times_of the experiments

were betweén 70 and 120 s.

Fig. 3. A typicaTvtrace of chlorophyllide fluorescence at 685 nm excited

ét 640 nm vs . time.of i]]uhination at room temperature. The discontinuities
represént the points at which abSorptidn'sbectra wefe taken. The-decréase
in fluorescence betWéen fnterVa]s of illumination was assumed to résu]t

from a dark process;whiéh slightly reduced thelf1uorescehce yield of ch]ordf
phyllide. The:broken Tine is the fluorescence intensity corrected for

this dérk_decay (see text). At A, complete photoconyérsion was effected.
Fig. 4. Absorbancevand fluorescence of chlorophyllide in 1eaf homogeﬁates
as a function of time of illumination at room temperature. The symbols

represeht the averages of two experiments. The range of experimental -

values is shown by the error bars. 4, chlorophyllide fluorescence at
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FIGURE CAPTIONS (Cont.)‘

690 nm excited at 670 nm (3 5 nm bandwidth); o, absorbance change at

678 nm; O, -chlorophyllide fluorescence at 690 nm excited at 640 nm (10 nm).

Fig. 5. F]uorescence and'ébsorbance of chlorophyllide as a function of
fime of>iT1uminatfoh of etioplast preparations at -10°C. Eachbsymbol type
represents a separate measurement: the solid symbo]s represent measure-
ments on the Cary 14 of absorbance at 681 nm (]ower curve) and chloro-
'phy111de fluorescence excited at 440 nm (10 nm bandw1th) (uppér curve);
the open symbols represent measurements on the fluorometer of chlorophyl-
lide fluorescence at 690 nm exéited'at 670 nm (3.5.nm bandwith) (Tower
curve) and fluorescence at 690 nm excited at 440 nm (5 nm bandw1dth)
(upper curve). The time scale for each experiment has been mu1t1p11ed by
an appropriate factor so that the six curves representlng f]uorescence
excited at 440 nm coincide. |
| Fig. 6. Polarization of chlorophyllide fluorescence at 690‘nm eXcitéd'
at 670 nm (4 nm bandwidth) as a function of extent of photdconversion
of homoéehate preparation. anch symbol. type repfesents a.separéte
-experiment at room temperature. The error bars represent the estimated

uncertainty in each measurement.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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