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SUMMARY 

The photoreduction of protochlorophyllide to chlorophyllide in holo

chrome preparations from etiolated bean seedlings (Phaseolus vulgaris L.) 

produces a chlorophyll~deholochrom~ th~t exhibits polarizatio~ of 

the chlorophyllide fluorescence at 7°C. If the holochrome is suspended 

in 2 M sucrose in order to prevent the usual dark spectral shifts that 

follow photoconve'rsion, then the fluorescence polarization observed is 

about 50% of the value for chlorophyll !. in a viscous solvent. In the 

absence of sucrose, on the other hand, the chlorophyllide fluorescence 

;s100% polarized by the time it is first measured (E:. 20 min). These 

observations, together with the circular dichroism spectra measured in 

Part I of thestudyl, lead to the conclusion that protochlorophyllide and, 

when first formed. chlorophyllide are present in an aggregated, probably 

dimeric, form in the holochrome.Following the photoconversion, the 

chlorophyllide association ra~idly breaks up and forms a protein particle 

that is monomeric in chlorophyllide. The relationship of this rearrange

ment to the process of meJTbrane development in gre.ening plastids is dis

cussed. 

Abbreviations: Chl, chlorophyll; Chl ide, chlorophyll ide; PChl, proto

ch 1 orophyll; PCh 1 ide., protoch lorophyll ide;. PCH, protoch 1 orophyll ide 

holochrome; CH , chlorophyll ide ho lochromeiCD, ci rcul ar di chroi sm. 
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The first illumination of dark grn"ln (etiolated) seedlings of 

angi osperms induces a sequence of profound changes. inc 1 udj ng the forma

tion of chlorophyll. a thorough reorganization of the internal structure 

of the etioplast and the steps leading to the formation of the photosyn

thetic energy-conversion apparatus. The first part of this studyl 

described the evidence of absorption and circular dichroism studies 

bearing on this major pigment~protein reorganization. 

Fl uorescence i ntens i ty and, especi ally, fl uorescence depol ari zati on 

also provide sensitive indications of pigment interactions and the changes 

in these interactions accompanying proplastid development. Latimer and 

Smith observed strong fluorescence polarization. comparable to that of 

Chl .! in a viscous solvent, from theChlide produced via the photoconver

sian of protothlorophyllidein the holochrome2. Goedheerand Smith applied 

increasing durations of illumination to etiolated leaves and observed 

a progressive decrease in the polarization of fluorescence of the holochrome 

extracts prepared from the leaves3 . Because their results' extrapolated 

to a value indicating 50% of the maximum polarization at the first stage 

following photoconversion, they concliJded that the observed depolariza-

ti on resul ted from rotati on of the Ch li de molecul es wi thi n the ho 1 ochrome 

framework. This was subsequently shown not to be the case by Losey and 

Gurinovitch, who observed strong (80-100%) fluorescence polarization in 

leaves at either 20° or -100°C i/l1lTledi~tely following photoconversion4 . 

They attributed the polarization decrease~pon longer illumination to 

excitation transfer among associated Chlidemolecules, rather than to 

totational diffusion. 

.' 

• 
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During the greening process 'the yield of Chlide fluorescence 

decreases approximately la-fold. starting at a level characteristic of 

chi a inorganic solvents5~ The intensity decrease presumably results 

from quenching processes that becone more probable as the concentration 

and extent of aggregation of Chl increases in the developing plastid. 

Fl uorescence exc; tati on spectra offer ev; dence of the occurrence or 

absence of energy transfer amongst different pigment molecules. For 

example, carotenoids present in etioplasts are not effective in transfer

ring excitation energy for the photoreduction of PChlide6,7, nor are they 

effective in stimulating PChlide or (for several hours following photo

reduction}Chlide fluorescence4,5. Carotenoids are absent in the puri

fiedPChlide holochrome preparation8 . 

We present here a detailed study of the fl uorescence exci tation and 

emission spectra, relative flUorescence yields and fluorescence polariza

tion of holochrome preparations before and following the PChlide to Chlide 

conversion. These observations supplement the circular dichroism spectra 

presented in Part I of this researchl , and they provide clear support for 

the molecular interpretation of the CD spectra. 

EXPERIMENTAL 

Holochrome preparations 

The preparation of PCH and CH from etiolated bean seedlings was car

ried out as described previoUslY'. In the 'present study PCH(suc) was 

prepared by diluting PCH with an equal volume of4 M sucrose, 0.02 ~ 

tris-Cl. CH(suc) was formed by maximal transformation of PCH(suc) samples 

at O°C using- brief illumination from a l50W floodlampl. 
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Fl uorescence measurements 

An Aminco-Bowman spectrophotofluorometer (American Instrument Co., 

Baltimore,' Md.) was modified as follows: The emission mono~hromator 

grating was replaced with one bl azed for optimal efficiency at 700 nm. 

Wavelength calibration was carried out using a low pressure mercury 

arc. Theexc'itation beam was modulated using a vibrating slit operating 

at 200 Hz (American Time Products , Woodside, N.Y., Type 40 Li gh tChopper) 

and phase detected (Princeton Appiied Research Corp.,'Princeton, N. J.; 

Model 210 selective amplifier, Model 220 lock-in amplifier and Model 221 

high-voltage power supply) . A red;'sensitive photomultiplier (RCA 7102, 
\ 

Type S-l photocathode) was cooled by solid CO2 , Excitation and emission 

spectra were recorded using an XV-recorder {MoseleylHewrett Packard, 

Palo Alto, California, Model 2D-2A) and were not corrected for wavelength 

vari ation of the eff; ciency of the opti cal system. Monochromator band

widths (at half maxima) noted in the figure captions were estimated from 
, ' 

the widths of the peaks resulti ng from 1 i gh t scatteri n9 . Sample tempera-

tures were controlled to about 7°C. Cuvettes with',four clear sides had 

square cross-sections of 10.0 mm 1.0. 

Excitation spectra were recorded using a supplementary sharp-cut glass 

filter (Corning C.S. 3-73) in the emission beam just before the photo

multiplier. Fluorescence polarization spectra were recorded using similar 

filters (Corning C.S. 3-68 or 3-66). Glan-type crystal polarizers (American 

Instrument Co.) were used in both the excitation and emission beams. 

Polarization values were measured and corrected as describ,ed by Houssier 

. and Sauer9. 

,~ 



-5-

RESULTS 

Fluorescence emission spectra 

The measurement of fl uorescence spectra of PCH and PCH(suc) ; s com

pli cated by the efficie.nt phototransfonnation caused by the exc; tation 

light. The fluorescence spectra at 7°C were measured with no more than 12% 

accompanying transformation th.rough the introduction of neutral density 

filters (transmission 0.0'08) into the excitation beam. Typical fluores

cence emission spectra for PCH(suc) an<.. CH(suc) are shown in Fig. 1. The 

corresponding absorption spectra are shown in Fig. 2. The extent of 

transfonnation of PCH(suc) during the fluorescence measurement is esti

mated frol1l the absorbance at 678 nm due to Chlide. Comparison of Figs. 

and 2 shows that theChlide formed initially has a substantially greater 

fluorescence efficiency (> 3xat 685 nm) than does the Chlide in the fully 

trans fanned CH(suc). 

The shorter wavelength emission peak of PCH(suc) occurs at 642 nm, 

whereas that of the residual (inactivePChlide in CH(suc) occurs at 

637 run. The difference results from the loss of the weakly fluorescent, 

active PChlidein the latter material and perhaps, in part. from some 

decrease in self-absorption within the sample. Based on the corresponding 

absorbance changes, the uncorrected relative fluorescence efficiencies of 

inactive and active PChlide in PCH(suc) are in the approximate ratio 3.3:1. 

The emission spectrum of this same sample of CH(suc) measured using 

un attenuated excitation light is shown in Fig. 3. In addition to the 

maxima at 637 (inactive PChlide) and 684. (Chlide), there appears a dis

tinct shoulder at 745 nm. The latter is undoubtedly a vibrational com

ponent (0-+-1) of the Chlide emission. 
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Fl uorescenceexci tation spectra 

, The exci tat ion spectra ofCH{suc) fl uorescence measured at 637, 685 

and 745 'nm~re shown in Fig. 4. The emission at the latter two wavelengths 

result from identical excitation spectra, whereas the fluorescence at 
, ' '. .' " 

637 nm has a distinctly different excitation spectrum. These observations 

. confirm the association of the 745 nm shoulder with the Chhde emission. 

They also argue against the occurrence of substantial excitation transfer , 

from inactiv~ PChlide to Chlide in CH(suc). 

In the absence of sucrose, the transformed holochrome, CH, undergoes 

a dark shift in the absorption maximum from 678 to 674 nm during about 

20 min at room temperature.' This absorption shift and the concomitant 

change in the fluorescence emission spectrum .are depicted in Fig. 5. The 

decrease in magnitude by 8% in the emission spectrum is accompanied by a 

small decrease in the absorption and is probably not significant. 

Fluorescence polarization 

The fluorescence polarization of CH was studied using a fully con

verted sample with A (lcm) = 0.15 at the red maxilJlum.Although the 

sample was maintained at about sot, the dark shift of the absorption from 

677 to 673 nm conti nued duri ng the course of the measurements. The 

polarization values, p -= {I" -I..t.)/{I" +I.J.) , for emission at 680 nm are 

plotted as a function of excitation wavelength in Fig. 6a. Because there 

~/as no measurable change in the polarization values during the course of 

the dark shift, the meas,urements at different times are not distinguished 

from one another on the plot. The p values and their dependence on 

excitation wavelength agree generally with those obtained for Chl ~ in 

viscous solvents; however, there are Significant differences among the 

several published polarization spectra10 - 13 . 

'-, , 

",I, 



-7-

The *luorescence pol~~ization spe~trum 6f CH(suc) urider the same 

conditions is shown in Fig. 6b*. In the wavelength regions where 
, ' . 

comparisons can be made, the p values of CH(suc) are approximately half 

those of CH. The wavelength dependences are qualitatively similar. 

however. 

The polarization of the PCH(suc) 'fluorescence at 642 nm was measured 

using neutral density filters (transmission o.ooa) in the excitation beam 

in order to retard the photoconversion. With the excitation wavelength 

at 440 nm t p values of +0.06 : 0.14 were observed. The large uncertainty 

resulted primarily from the low signal level under these experimental con

ditions. PChl A. in mineral oil exhibits a polarization of +0.23 at the 

corresponding wavelengths9 . 

DISCUSSION 

Protochlorophyllide holochrome fluorescence 

The protochlorophyll(ide) molecules in etiolated leaves or holo

chrome preparations occur in at least three distinguishable spectral 

forms14t15. These are best characterized at liqUi~ nitrogen tempera

tures. where the resol ution of the components and the fl uorescence 

efficiencies are enhanced. The fluorescence emission spectrum at 7°C 

shown in Fig. 1 for PCH(suc) contains a small component ('1,,10%) of 

Ch 1 ide A. formed duri ng the fl uorescence measurement. Nevertheless. 

*The presence of the asymmetric sucrose molecule introduces some rotation 

of the plane of polarized light. This was calc~lated to be less than 20 

under the conditions of the experiment. 
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there i san .appa rent shift of the petili de fluorescence peak from 642 to 
I .. .. : . 

637nm and a decrease in fts hlagn'itude in the fully converted CH(suc} 

preparation; The Chlide A fluorescence should not interfere significantly 

in this short wavel·ength region, The simplest e~planation of the spectra 

is that the shortwave l·ength component, P 630 (i nactiveL is strongly 

fluorescent, whereas the longer wav~length co~ponentl P639 (active), is 

at most weakly fluorescent at 7°C
i

, If the fluorescence emission at 

642 nm originates in the component absorbing at- 639 nm, then its 3 nm 

Stokes shift would be significantly smaller than those (6-8 nm) observed 

for P
630

, C678 or C674 . It may be, therefore, that this emission at loe 

resul ts from ahi dden component corr~spondi ng to the central absorption 
. . 

band observed by Dujardin and Sironval at liquid nitrogen temperature in 

etiolated leaves14 , At -196°C, where thePChlide is unabl e to undergo 

photoconversion, the long wavelength component becomes highly fluores

cent14'-18, and the intermediate wavelength component tr;:l.nsmits itsexcita

tion rather than fluorescing14 . 

While the polarization of PChlide fluorescence in PCH(suc) cou.ld not 

be measured accurately under the conditions of low excitation intensity 

necessary to prevent photoconversion, theobser'/ed value p = 0.06 is low 

in comparison with the value' p = 0.23 for isolated PChl A in mineral 

011 9 • Presumably, the measurement for PCH(suc) applies primarily to the 

fluorescence from PChlide (inactive). 

,Butl er and Sri ggs. have attributed the two pri nci pa 1 spectral forms of 

PChlide to monomeric (short wavelength) and aggregated (1ong wavelength) 

species
19

. The low fluorescence yield of P639 relative to that of P630 

at room temperature may res~lt from quenching by the aggregates in the 

.'.:" ., 
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former case. The CD spectrum of PCH reported in Part I of this study is 

interpretable 6n this basis'. In the region from 600 to7CO nm. there 

appears to be a (+,-) CD centered near 630 nm that could be attributed 

to mOnomeric PChlide superimposed on a more complex CD pattern (- at the 

longestwave1engths) which results from the aggregated P639 fonn. 

Chlorophyll ide holochrome fluorescence 

light absorbed by active PClide leads to the fonnation of Chlide with 

a high quantum efficiency20. I However, the process does not follow simple 

first-order kinetics, but appears to result from the sum of tviO first

order processes21 . The underlying reason for this behavior is still 

obscure22 . 

Comparison of Figs. 1 and 2 indicates that the Chlide formed during 

the initial 10% of photoconversion of PCH(suc) is over three times more 

fl uorescent than is the Chlid~ of the fully converted CH(suc) at 7°C. 

This can be under~tood on the basis of a model in which active PChlide in 

PCH(suc) occurs in an aggregated (dimeric?) form~ If the initial stages 

of the photoconversion result in the transfonnation of only one of the 

aggregated PChlide (active) molecules, then the resulting Chlide molecules 

initially occur singly and their fluorescence is not quenched. In the 

fully converted CH(suc). the Chlide molecules are now essentially all in 

an aggregated statel and their fluorescence is partly quenched at 7°C. 

The role of the sucrose is probably similar to that of glycerol in high 

concentrations in preventing I the subsequent rearrangements that lead to 

a blue shift of the absorption and fluorescence maxima16 . 

At 7°e we find (Fig. 6) a relatively low polarization of the Chlide 

fluorescence from CH(suc). This is consistent with the presence of Chlide 

" 
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aggregates (dimers)in this preparation. By contrast, Latimer ,and Smith2 

and LoseVand'GU,ri~ovitch4 found essentially complete polarizat.ion of 

ChI ide fluorescence at the'earliest stages of PChlide to ChI ide conversion. 

We concl ude 'that t'he stage of' the photoconvers i on correspondi ng to our 

CH(suc) preparation was passed through'tooquidklytobe observed by these 

workers. 

The distinctive excitation spectra of fluorescence emitted either at 

637 or at 685{~45) nm are consistent with the conclusions th~t photons 

absorbed by PChlide (inactive) in leaves or in CH are ineffective in stimu

lating Chlide fluorescence23 ,24. This may be either because the two species 

are spatially separated from one another, or because the fl uorescente 

of PChlide (inactive) itself occurs rapidly at 7°C in comparison with 

excitation transfer. "The observationl5 that excitation transfer from 

PChlide to Chlide does occu~ at -196°C favors the secbnd explanation. 

Weber has formulated a method of enumerating the components having 

distinct absorption and fluorescence spectra in complex systems 25 . The 

number of components is determi ned frOl. the rank of a matrix of sufficient 

size to account for the fluorescence intensities of the system measured at 

several excitation and,emission wavelengths. OJ application of Weber1s 

method to the spectra of CH(suc) shown in Figs. 3 and 4, we found that 

there are two, but not three, distinct fluorescent components in the cdm

p,letely photoconverted holochrome at 7°C. These components are PChlide 

(inactive) ,and Chlide. 

The excitation transfer fro~ PChlide to ,Chlide at liquid nitrogen 

temperature reported by Kahn ,et ~15 and by Thorne26 may resul t from the 
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27 longer range of interaction associated with FBrster transfer . Tweet 

et al .28 and'Trosper et al. 29 report distances of transfer of the order 

of 65-85 ~in Chl .9.,.monolayers, whereas the weak exciton interaction 

responsible for the multiple CO of PCH(suc) and CH(suc) would certainly 

be negl'igible at thesedistances 30 • It is like)y, therefore, that the 

low temperature fluorescence properties of post-etiolated leaves results 

from the transfer of exci tation via a FCirster mechanism among nearby 

holochrome particles. Whether there exists in the leaves a particular 

cooperating unit of 20 PChlide molecules, as proposed by Thorn26 , must 

be determi ned by further experiments ~ 

In the absence of sucrose, the fully ~onverted CH exhibits a blue 

shift in the Chlide absorption maximum from 678 to 674 nm (Fig. 5), a 
, , ,I ' , , 

parallel shift in theemfssi?n maxima from 684 to 682 nm, and an 

accompanying transformation from a double to a Single CO'. The shape 

of the fluorescence emission spectrum is unchanged during this process, 

and its i ntens i ty is slightly decreased eFi g. 5) . The f1 uores cence 

polariiation (Fig. 6), on the other hand, is increased by about a factor 

of two in CH compared with that of CH(suc). The polarization of Chlide 

fluorescence in CH is indistinguishable from that of Chl .9.,. in viscous 

1 ' 11 - 13 Th 1 . ' so vents ' • e strong y polar1zed fluorescence is consistent with the 

conclusion reached on the basis of the CO spectrum, that CH contains 

essentia'lly monomeric Chlide, at least by the timJ these measurements 

can be made at 7°C. The increase in fluorescence polarization and the 

changes in the CD spectra are much more direct evidence of this decrease 

in aggregation than were the blue shifts in absorption and fluorescence 

maxima, previously the only eVidence available to support the proposal1 8,31. 
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The monomeric form of Chl1de inCH is presumably responsible for the high 

po 1 arizad on va luesprev; OUS ly reported2 ,4 , although our values of 

pol ari zationexci ted at 40"5 nm are somewhat higher than those reported 

by L~timer and Smi th2. 

The one observation that appears t6be inconsistent with the 

picture of Chlide disaggregation accompanying the blue shift of the 

absorption is our failure to observe a concomitant increase in fluores

cenceefficiency in CH (Fig. 5). The simplest explanation of this is 

that the increase in efficiency has already occurred by the time we are 

able to make the fi rst fl uorescence measurements on CH. Goedheer found 

the fluorescenc.:e effi ci encyof eh 1 i dei n greening bean. 1 eaves; ni tia lly 

to be comparable to that of Chl ~in methano1 5. It will be of interest 

to determine whether a lower value can be detected if measurements are 

made very rapidly following a strong flash of actinic 1i-ght. 

CONCLUSION 

From the measurements of absorption, fluorescence, excitation, 

emission and polarization spectra, together with theC[) spectra, a 

consistent picture emerges of the initial stages of PChlide toChlide 

conversion in etiolated "plants. If we accept the stoichiometric data i 

of Schopfer and Siegelman8, th'e process can be described as follows: 
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A 

hv dark 
:> > 

C 

PCHS40 CHS7S(SUC) \ CHS77-'S74 

XBL 716-5201 

The PChlide holochrome, PCH640 ,contains (at least) two PChlide mole

culesthat interact sufficiently at close range to give a negative CD 
I 

for the long wavelength band. These must be on the same holochrome 

particle. Irrmediately followingphotoconversion, the CH678 (suc) produced 

contains two strongly interacting Chlide molecules, on the basis both 

of CD and fluorescence polarization spectra. The siting of the pigment 

on the holochrome protein may be essentially unchanged from that in 
1 

PCH 640 . Very rapidly follow.ing photoconversion in the absence of high 

concentrations of sucrose or glycerol theChlide holochrome undergoes a 

rearrangement or dis.sociation. "This results in the disappearance of the 

double CD feature, a two-fold increase in the fluorescence depolarization 

and eventually a shift of the absorption and fluorescence emission maxima 

! i 
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to shorter wa.velengths. The scheme above indicates three possible 

explanations:~) a rearrangement of the CH particle leading to decreased 

interaction between the Chlide molecules, B) dissociation of CH into two 

equivalent parts, and C) dissociation of 'small Chlide-protein fragments 

from the nlajo~ protein component. The al ternatives are not mutually 

exclusive, for structure A could precede B or C. This would account for 

the observation that the CD and fluorescence depolarization changes appear 

to occur more rapidly than :does the blue shift in the absorption band. 

Alterhative C would be ~onsistent with the observations of Boardman32 and 

of Bogorad et al .33 that the final Chlide-containingspecies has a 

molecular weight much different from that of the -holochrome protein. 

In the intact etioplast, the major protein component of the holochrome 

would then·be available for the placement of two more PChlide molecules 34 

and the Chlide-protein fragments could be transferred into the newly forming 

lamellar structures. 
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'FIGURE CAPTIONS 

Fig. 1. F1Jorescence emission spectra of PCH(suc) and of CH(suc) at 

7°C. Excitation wavelength, 440 nm. Monochromator bandwidths, 20 mn. 

The PCH(suc) spe'ctrum exhibits a peak at 685 nm owing to a small amount 

of Chlide formed by the exciting light during the process of obtaining 

the emission spectrum. 

Fig. 2. Absorption spectra of PCHlsuc) before fluorescen~e emission 

spectrum shown in Fig. 1 (- - --), PCH(suc) after fluorescence emission 

spectrum (- - -) and CH(suc) after complete Photoconversio~ C ). 

Optical pathlength, 1.0 em. 
i 

Fig. 3. Fluorescence emission spectrum of CH(suc) at 7°C. Excitation 
, ' 

/ ,wavelength, 440 nm; excitation intensity 125X greater than that used in 

" , ~ 

Fig. 1. Monochromator bandwidths, 18 nm. 

Fig. 4. Fluorescence excitation spectra of CH(suc) at 7°C at the emission 

wavelengths 637 nm (- - -), 685 nm (..: - - -), ,and 745 nm (--). Mono-

chromator bandwidths, 16 nm. Instrument gain has been adjusted to facili

tate comparison of the spectra. 

I·', 

'\ 
, ' , 

, I 
Fig; 5. Absorption and emission spectra of CHat the beginning (--

\ 

and at the end (- - - -) of the dark shift fo 11 owi n9 photoconversi on ~ 

Excitation waveiength, 440 nm. 
\ 

\ 

Fig. 6. Fluorescence polarization spectra at 7°C. \a) CH. Emission 
i 

wavelength, 680 nm. b) CH(suc). Emissioh wav~len~~~,682 nm. Mono-

\'\' , 

'\ . 

\ , 

\ 

chromator bandwidths, 25 nm. 

'1,1" 
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r------------------LEGALNOTICE.· ------------------__ 

Thi$[eport 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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