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/-1 child said What is the grass? fetching it to me
with full hands;

How could I answer the child? I do not know what
it is any more than he.

"‘vv.'I-'_'b'eZie_ve a leaf of grass is no less than the journey-

work of the stars.

Walt Whitman
Song of Myself
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STUDiESrON THE PHOTOCONVERSION OF PROTOCHLOROPHYLLIDE
~ TO CHLOROPHYLLIDE IN ETIOLATED PLANT_MATERIAL

G. Douglas Vaughan
Department of Chemistry and
Laboratory of Chemical Biodynamics
Lawrence Berkeley Laboratory: -
University of California
Berkeley, California

November 1975

ABSTRACT

Théiﬁyhthesis of chlorophyll (Ch]) in angiosperms is dében-
dent upon the photochemical conversion of brotoch]orophy]]ide
(PChlide) to chiorophyllide (Chlide). This study attempts to
e]ucidate'the:kinetics of thé photochemistry, aﬁ_We]] as.some
mechénisfic éspects of this reaction and the speﬁtrdscopica1]y
obServab]evghanges that 1mmediate1y follow it. iExperiments were
~ performed bn;intact leaves, on organelles (etiop}asts) extracted
| from jéavés, and on aqueous suspensions of photoactive PChlide-
protein cOmpTéxes (holochrome).

Measukemeht of (1) Chlide fiuorescence eXcitéd'at wave-
lengths whe?évboth Chlide and PChlide absorb, (2)vth]1de fluores-
cence.yie]d, and (3) polarization of Chlide f1u6rescence, during
.the photocon?ersion reaction in ho]ochromevpreparatfons from bean

and barley, suggest that the photochemistry is intrinsically
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-first-ofdéf,,comp]icated by efficient energyltranSfer from PCh1ide
to Ch]ide'within éggregated pigment arrays. Thé-fiuorescence
pb]arizétion results also demonstrate.that enekgyftransfer occurs
among Ch]jdé pigments fo]]owing photoconversion. Energy transfer
occurs effeétive]y in bean ho]ochrome; less effecthe]y in barley
extracts;_andtvanishes in saponin-treated bar]éy'extkact._ I observed
no manifestafions of excitonic interaction. (Cdnfrasting data
ffom other iﬁyestigators is presented.)

Attemptslwere made to measure photoinduced 1inéar dichroism
in bean»hoféchrome, both in dried gelatin films'énd in solution.
The fai]uré-to measure sucH dichroism is most readf1y explained
by the effective depolarization df exciting i]TUmiﬁation_through
energy transfer among aggregated PChlide mo]ecu]éé‘before photo-
convérsion;'i  |

Fo]]owing the photochemistry in intact tis§0evét room
temperaturé;ra sequence of spectral shifts occurs;:>An attempt
© . was made_to charactekize-thése shifts by dbservihé,them at tem-
peratures bef@éeh -30°C and +6°C in leaves exposedzto various
doses bf éXéffing i]]umination. The results are consistent with
a model in'WHfth PCh1ide undergoes a single photochemicallreaction
followed by‘vé%iouslrelaxations or reoriéntationsﬁthat depend

upon the témperaturevand the extent of photoconversion.
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1. INTRODUCTION

| whereas:protoohlorophy11 (PCh1), or its unhhytylated deriv-
~ ative protoch]orophy]]1de (PCh]1de), are found in a- var1ety of v
botanical t1ssue (including gymnosperm seed11nqs, some a]gae,
mutant strajns of bacteria, dark grown Euglena, some:seed coats;
and.e variety'ofjroot tissue), it is only in angjosnerms that
‘its photoreduction plays a-critica] roTe in the evo]ution'of
-photosynthet1c membranes (Boardman, 1966a) YWhen‘most angio-
sperms are germ1nated and grown in darkness, the seed11nqs pos-
-sess ne1ther ‘photosynthetic competence nor any measurab]e ch]o-
rophy11 (Ch]) | Instead, among ‘the pigments is PCh11de wh1ch_‘
only upon illumination, is reduced to ch]orophy1]1de (Ch]1de)
and subsequently to Ch]

Thus, as an e]ement of a b1ophys1ca] process of some impor-
tance the photochem1ca] conversion of PCh11de to Ch11de is a
react1on of 1nterest Perhaps more 1nterest1nq, however, 1s the
:poss1b111ty¢thot the photochemical nature of th1srreact1on mlght-
be used as‘a'keyftorstudyfng thevstructura] aspectsfof]the func-
tioning photos;ntheticAapparatus. No such‘functiOhe].unit exists
in'angiosoermbseed1ings grown.'in the dark; insteadv'the p]ant. |
contains organe]]es known as et1op1asts whose substructure is
clearly dlstjngu1shab1e from that of ch]orop]asts (&1rk 1970,,
Kirk_andvafney—Bassett, 1967). It is only uponvexnosure to |

light and the]consequent production of Chlide, hence Ch1, that
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the p]asfids:ev01ve the functional and u]trastrucfural charac-
~ teristics of,mature ch]orop]aéts. Hence, one dan_Qisua]ize the
possibi]ity*df approaching an understanding ofvtﬁé‘photOSynthetic
apparatus by observing its evolution in etio1ateddmateria1 With
whateveritéchniques fhe imagination suggests. vThai-the.evo1ution
of ch]ordp1asts from etioplasts may be somewhatvartifactua1, in
the sensedthat neither etioplasts nor readily méasufable quantities
of PCh]idetHave been observed fn anqio§perms qefminated under
normal cond1t1ons, does not diminish the 1mportance of this ap-
proach to the 1nvest1gat1on of the fully funct1ona1 photosynthet1c
membrane.v Whether such an approach to the study of_photosynthet1c
membranes'hight ultimately be fruitfui or not, its contemplation
serves aé adple justification for seeking answers.td'fundamental
questions abodt the nature of the photoreducﬁion_of PChlide. (The
above, of‘coUrse, need serve only those -—.among whom I do not
number mysé]f -- not content with human cdriosity; 1ove of order
and beauty, and other aesthetic justifications for bas1c research
as reasons for undertak1ng this study )

Systemat1c study of the PChlide to Ch]1de convers1on began
in the 1950;sfw1th Krasnovskii and Kosobutskaya-s-(1952), and
then Smith- and Benitez's (1953 1954), isolation of a so]ub]e,
photoact1ve pigment- prote1n complex; Smith and coworkers' (Sm1th
and Ben1tez, 1954) kinetic studies; and Shibata' B (1957)»spectra1
studies. Edgh,of these studies initiated a serféS»Of investigatfons
'vin various lddoratories with subsequent observatidnsland conclu-
sions supp]ementing and often supp]antiﬁg the earlier ones. To

outline the current understanding of the PChlide/Chlide system,
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we might follow chronologically three main lines of experi-
menté] deVe]opments during the past two decades.

Smi th and Benitez (1954) were the first to éttempt to
determine“ﬁhe‘kinetics of the photoconversion. Using intact
etiolated barley they found the reaction to be mdst suitably
fitted with a:second-order rate law, 1eading them to postulate
the requirement for molecular collisions in vivo. Boardman
(1962b) pursUed Smith's kinetic measurements usihg,a purified
ho]ochrome,ﬁkeparation from bean. He found that therdata were
best fitted.ﬁith a sum of two exponentials. This'result nicely
eliminated fhé requfrement for molecular co11ision$,and sugges ted
ihstead éither two environmentéj1y distinct PChlide species i
with differenf rate constants for conversion, or‘the requiré-
ment for consecutive photochemical reactions for the reduttion
of each PChlide molecule. Later, a perp]exing énd §t111 uné*—
plained re5u1f;was reported by Sironval, gj.gl,(1968). They
observed'firSt—order kinetics when the exciting,ané]ength was
vgréater fhan‘647 nm, but a requirement for two>éxponent1ais to
vfit the kinétic daté at ;horter wavelengths. They suggested two
distinct types of PChlide-protein comp]exés, on1y one of which
was excited;afv1bnger wave]engths.' Finally, and mostvre;ent1y,
the suggestion has been made (Nielsen and Kahn, 1973; Thorne qnd_
Boaraman, 1972; Vaughan and Sauer, 1974) that the'photoéhemistry
is first-ordék.but is complicated by the possibiifty that excited
PChlide can transfer 1fs energy to nearby, previbusly converted,
Chlide molecuies. The requfrement in this formu1atjbn for two or
mofe pigment§ on eaéh pigment-protein comp]ex 1eads to a discus-

sion of tﬁé er1ving picture of the structural nature of the
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isolated hbTochrome.

So]ﬁb]e,_active pigment complexes, dubbed ho]dthrome, were
first isolated in glycerol from barley (Smith and'Benitez, 1953;
Smith and'Ahrne, 1955; Butler and Briggs, 1966§.Henhingsen and
Kahn, 1971).and fn phosphate buffer from bean (Krasnovskii and
" Kosobutskaya, 1952). The molecular weight of the»bean holo-
chrome was first estimated from sedimentation meésﬁfements-as
400,000; later revised to 700,000 (see Smith, 1960). Smith
further cdﬁt]hded, on the basis of spectrally détermined pigment
to protein ratios, that one pigment inhabits each holochrome
molecu]e.ijéoérdman (1962a) obtained a mo]ecu]ar.Weight of 600,000
for holochrome from bean énd concluded that each unit contains |
one or two pigment molecules. On the basis of hféfstUdies on
the ho]ochrohé, he further characterized the reacffoh.as pho tc-
enzymatic'béééuse of the rigorous requirement forvﬁhe pigmeﬁt-
protein aésotiétion in order to observe photoreduction, and
because of the*apparent absence of a dia]yzab1e redubtant. More
exténsivefpﬁkification procedures on the beénvholﬁchrome yie1ded
an entitytéf'molecular weight of 550,000 (Schopferiénd Siegelman,
1968), coﬁboséd of two apparently equiva]eht subunits and con-
taining atiééét two PChlide molecules. Treatmeht of crude
holochrome with a detergent, saponin, produced smaller subunits
(63,000 for barley, 100,000 for bean) which retained photoactivity
and exhibited first-order kinetics (Henningsen and'Kéhn, 1971).
Kahn, g;,glll(197o), using low-temperature fluorescence spectros-
copy, estiméféd.the extent of energy transfer from PCh]ide to

Chlide after partial conversion of a holochrome preparation.
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They coﬁc]uded that the results require at least four chromo-
phores oh each holochrome unit.._

. The wder of spectroséopy is perhaps the most chaotic one
with regérd fo the PCh]ide/Ch{jde system. Inckéaéing]y sophis-
ticated measurements have made it ihcreasing]y-difffcu]t'to
offer a concise picture of the spectfa1'changes\thaf can‘be
observed.dunihg the photoconversion process invintaét tissue.
Shibata médé the first systematic observations 1611957. He |
reported tWo‘forms of PCh1(ide), with red absorhiion maxima at
636 nm aﬁ&iéso nm. The latter (active) form wé$ tran§formed-
by 1ight‘fo’Chl(ide) absorbing at 684 nm. A s]bngpéctral shift
to 673 nm:foTldwed in the dark. Gassman,»gg_gl;'(1968),.and Bonner
(1969) obgérved an intermediate form absorbing étzé78 nm following
the photofeduhtion, with a dark spectral shift fo‘684 nm occur-
ringlin aboufv30 seconds at room temperature. These three spec-
tral shiftsv(one photochemical, two not so) are thosé readily |
observed fh living tissue, and the two dark shifts héve elicited
a:variety.of‘expianations as to their origin. 'The:répid shift
from 678'nm,td 684 nm has been attributed to en§iﬁqﬁmentaf
changes'(Gasshan, et al., 1968) as well as to mere protein 7;‘

lre]axation}infthe absence of any physica]venvirohmental change
(Thorne, 1971); The second dark shift has beeh=vaf{ously ascfibed
to metabQTic chemical changes and orientation changes (Thorne,
1971), ‘to phytylation (Sironval, et al., 1965) -~ there is also
contradictokyfdata (Boérdman, 1966b), to diéaggreﬁétion of the
Chi(ide)_from;fhe prbtein‘complex (But]er and Briggs, 1966;

Bogorad, gﬁ_gl,, 1968), and to disruption of Chl(ide) aggregates
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(Butler and Brigge, 1966; Mathis and Sauer, 1973).

The-pietnre, however, appears to be more cdmp]ex still.
Kahn, gt_al,~(1970),:using Tow temperatnre f]uonescence spectros-
copy, found two different photoactive forms of PChIide absorbing
at.637 nm and'650 nm, both being converted'upon‘i11Um1nation to
Chlide absorbing at 680 nm. A peak for inactive PCh1(ide) was
also observed at 628 nm. Finai]y, there is evidence that there
exists st111 another form of Chlide, occurr1ng pr1or to the
appearance of Chlidegyg. The absorption max1mumvof th1s inter-
mediate has been variously reported as 675-676 nm (L1tv1n and
Belyaeva, 1968 1971a, 1971b; Mathis and Sauer 1973) and as
668 nm (Thorne 1971). The conversion of this spec1es to Chlidegyg,
as well as the production of the intermediate from PCh11de have
been reported to be photochemical reactions. |

To conc]ude, 1 shall mention one further re]evant area of
~ research --:the investigation into the nature and extent of
PCh]iderand Ch]tde aggregation. As outlined above, recent
investigations have suggested perhaps four .or five pigments per
holochrome unit in isolated-holochrome (Kahn, gt_gi.; 1970).
Working wfthlintact bean leaves, however, Thorne (1971) con-
cluded fromfa‘}ather cryptic analysis that 20 piément mo]ch]es
were assoctated closely enough to permit excitation”transfer at
77°K. Fina]]y; a convincing argument has been maaefthat Qigment
associations are of the.weak excitonic type, 1eading'to cOmb]ex
_eircu1ar didhnoism (CD) spectra of isolated ho]ochrome (Mathis
and Sauer;f]§7é). |

In view of the rather complex picture outlined above, one.



modest goa]'of any investigator in the area of PChTide/Ch]ide
conversion'might be to lend some order to the situation -- not
only by experimentation but also by some detached reasoning. I

shall risk being judged, at least in part, in terms of this ideal.



I1.° KINETICS AND PIGMENT AGGREGATION

The nafure and extent of PChlide and Chlide aggregation
is apparent]y"b0und up with the complexity of the kinetics of the
photoconVérsion reaction. Mathis and Sauer (1973) éxp]ained_
the kfnetiés in terms of the need for two conseCutive photochem-
ical reactidns_to convert excitonica11y paired PCh]ide to exci-
tonically péfred Chlide. [While they did not sUggéét mechanistic
: exp]anatidné,;Thorne (1971) and Litvin and Be1yéé9§ (1968, 1971a,
| 1971b) ]ikéﬁfﬁe concluded that two consecutive bhotothémica]
reactions5aré“responsib1e for the complex kinetics.] However,
Nieisen aﬁd“Kahn (1973) and Thorne and Boardman (1972) sugges ted
-_excitatioh"transfer between PChlide and Chlide és,the compli-
cating_faétbr‘in an intrinsically ffrst—order photochemical
process. | “

,The'experiments describéd here were aimed ét.determining
whether thé phothonvers1on reaction is essentié11yffirst-ordér,'
qomp]icatedfby energy transfer from PChlide to Ch]fde, or more
complex. }Thé?extent of energy transfer was mea§ured'by observing
Chlide f]uo;éécence excited at several wave]engfhs;then assess%ng
the contribution to the fluorescence of_energyaabsorption by
PCh]ide.v'Jhtfinsic Chlide f]uorescénce (f1uorestehce‘excited by
direct enefgy_absorption by Chlide) was also measqrEd in an
attempt tdidetect evidence of an intermediate spe@jeé in the

photocohveréibn-reaction. Finally, Chlide fluoreScence polari-

zation was measured during photoconversion as a means of estimating
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the extent of pigment aggregation.

A. Materials and Methods

Kidn§y beans, disinfected with Arasan (DUPont), were planted
in vermiéd]ife which had been briefly soaked in'water. The
seedlings were then grown in darkness at about 22°C for 11-13
days. HarVeéting was done at room témperatureiundar a green
safe]ightérsdbsequent operations were carried ouf at 4°C .in
darknessi0r'under'the safe1ight Each preoaraffdn»Was derived
from ]eaves of the same age, and no variation amonq preparat1ons
that m1ght be attributed to 1eaf age d1fferences was detected.

The samp]es containing bean Tleaf ho]ochrome were prepared
| by grindingaabqut 20 gm of Teaves in 10 ml g]ycéro].and 30 ml
sucrose-triddde buffer consisting‘of 0.1 M tricine; pH 8.0,

0.4 M sucrose, . for a total of 5 min. in a Naripg:Biendor. The

5 min hombgénization period was divided ihto severa1’shorter
intervals to prevent overheating the sample. The br91 was

then f11tered through four layers of cheesec]oth and centr1fuged
for 30 m1n at 20 000 x g. The supernatant was d1a]yzed for 12 hr
aga1nst buffer d1]uted 10-fold, recentr1fuged for 90 min at
20,000 x 95 and concentrated by u]traf11trat1on‘aga1nst poly- .
ethy]ene glyco] 6000. The reéultant'préparatiod'waéinot further
purified. It was made to 1.2 M sucrose with a so]ut1on of 2.0 M
sucrose in 0,1vM tricine, pH 8.0. The photoconvert1b1e_PCh11de
in the ho]odhfome had a red absorption maximum af_640 nm; the
absorption_maXimum moved to 678 nm-fo]]owing photoconversion

(see Fig 1). No subsequent spectral shifts Were“bbServed_at room
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Fig 1. Thé”absorption spectrum of an etiolated bean Teaf homo-

genate in sucrose, before and after photoconversion,
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temperature. ‘

Etiop]asts weré prepared from etiolated beéh leaves by
grinding about 16 gm of leaves in 50 ml bufferléo]ution consisting
of 0.1 M.tricine, pH 7.5, 0.4 sucrose, in a Waring Blendor
for 45 seé;-xThe homogenate was then filtered throbgh eight
layers of'éheeéec1oth and centrifuged at 350 x g for 8 miﬁ. The

pellet waS{Qéshed twice with buffer, then resusbénded in a min-

~imum amount of 70% buffer/30% glycerol so]utioh;_fThe etioplast

preparatioﬁ Showed an absorption maximum at 650_nm,'shifting’to
681 nm whenfbhotoconverted at -10°C (see Fig 2a). -

Bakievaas grown in vermiculite and wateréd/ihitia11y with

_ Hoaglandfs'30]ution. bThe terminal 10 cm of the shoots were har=

vested ih tH§.dark after 7 days' arowth at 22°C. The plant
méteria]\waé then finely chopped with a $ca1pe1;:ahd‘frozen and
finely grOuﬁd at -76°C. The resultant powdervwas tHen qground with
g]ycer01 (5 mJ/gm plant materia]) in a Waring Bjehd?r for
two 1 mih}bursts. The homogenate was then filtered through
four 1ayer§ of cheesecloth and spun for 60 min athO;OOO'x g in
an SS34 rbt@?; The final supernatant, referred'fq as glycerol
extract,-shGWed an absorptiop maximum at 650 nm (seéﬁF1gv2b),
though sohe photoconvertible PChlide absorbing at §b¢ut 640 nm-
wés sometihe§ ev1dent. |

"Saponin éxtract'was prepared by diluting thé'g1ycero]'
extract 1:1 with buffer containing 0.1 M tm‘éine"‘," pH. 8.5, 5 mM
dfthiothreitb], 1.5% saponin. The extraciion procedure used with
the barley‘was necessahy becauée'of.its extreme éensitivity to

all aquéon‘iso]ation techniques.
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Fig 2. (a) The absorption spectrum of a bean leaf etioplast -
preparation, before and after complete photoconversion. (b) The
difference spectrum (completely converted minus unilluminated)

of a g]ycero] extract of barley. The ordinate indicates absorbance
relative -to an arbitrary baseline. Lo
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The fluorescence of Chlide was usually meésﬁfed.in a

Pekkin—EjmevaPF-ZA fluorometer. The emission monochromator
was set ét é85 nm (20 nm bandwidth) for the experiments®in
Figs 3 anq.d;: For the rest of the experiments,vthé monochromator
was set at 690 nm (40 nm banindth) and a 690 nm interference
'fi1ter waS pTéced in the emission beam._ The wavelength and
bandwidth of the excitation beam are given fn the figure 1egend$;
The actinic,]ight passed through sevefa] pieges of tréns1ucent '
tape so théﬁ the entire front surface of the cuVette containfng
the sampie?heéeivedvthe same i]]umination; The3s$mp1e.cuvette
was coverédeith reflecting aluminum foil on the éﬁrface(s)
opposite fﬁé;éxcitation and/or emission beams, éhdfwas cooled
when neceésafy by passing cold N» gas or coo]ed'watér through.
the samp]éwbléck. In some of the experiments tovbgtdescribed,
Ch]idé fluoféééence was also measured in a‘CaryJJ4‘spéctereter
, with the MOdé]i1462 scattering aCcessory; In theSe fnstances, .
f}udrescénééﬁﬁaé.excited with 440 nm i]]uminatidn which passed
_through trdﬁs]ucent tape and was measured throﬁgﬁ a:Kodak #70
Wratten ff}téf'that blocked the actinic beam as Wé11:as all
emiésion bejdw about 660 nm. For fluorescence méaéﬁkements;
. the Cary 14}wa$‘operafed in'the reference mode withva‘1inééf
(%T) s]idew%?él The jacketed samp]e cuvette was céo]ed with -
cold Ny gas.- -

~ Absorption measurements were made on the Cary:]4 with an
expanded sCaie (0.0 - 0.2 absorbance unit) s]idewife:_ The
standard sampie éompartment Was used except for the ébsorptioh

spectra of etioplast suspensions, where the Model 1462_scattered
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transmission. accessory was used. ‘
| F]uoreécénce polarization measurements‘wereimade using the

Perkin-Eimér_instrument as described above. F]ﬂbrescence’
| po]ariza%idh'measurements on solutions of f]uorésﬁein demons trated
that the présence.of the aluminum foil had no efféét on the
resu]ts._lA'PQ]aroid polarizer was oriented 1n‘fh§ excitation
beam normaibfo the plane defined by the excitaf%bﬁ'éhd émiséién
beams. A Séédhd polarizer was used to analyze tﬁe_ehission into
paraliel énd berpendicu]ar éomponents. The exéjt@tjbn monochro-
mator was'sgf‘at 670 nm (3.5 or 4 nm bandwidth, depgnding uhoh
the experiment). Corrections were app]ied‘to the polarization

results as described by Houssier and Sauer (1969){u¥

B. Resu]§s ; 

(1) Kinetics |

Etio]qtea bean leaf holochrome preparations in 1.2 M sucrose
wereiphotdton?érted in the f1uokometer at room temperature with :
' i]]uminatiéﬁ ét various wave]engths. As the photqébnversion
proceeded,.théjf]uorescence of Chlide excited by7theréctinic
beam was méaSQred continuously.. At regular 1ntéry§ié'thé sample
was remOve&;fﬁ;a spectrophotometer and the absofptidhtspeétrum
recorded. - At:fhe end of the experiment; comp1efe'coﬁversion
was effectéd by éxposing'the sample to intense il]Umination at .
640 nm for'abOusS min. A fina] fluorescence value and a final
'absorption speétrum were then recorded. Thus, bbth,absorption
changes, andfCh]idé fluorescence at 685 nm were bb;ajned as a

function of time of illumination. The results of five such
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Fig 3. Aﬁéqkbanée and fluorescence of Chlide in.béén leaf homo-
genates és[ééfunction df time of iT]uminatibn a£ rbom temperature,
Upper fouf,ddrves from top to bottom: Ch]idé fjudkéscénce af
685 nm ex¢fféa-at'640 nm'(8'nm bandwidth), 650'hﬁ1(10 nm), 628 nm
(8 nm); 587_nm (14-nm),_respectfve1y;- Lower'curye;f'absorbance
change atf678:nm.7 Each symbol type represents § §fh§1e_experi-
ment in whf@h?absofbance chaﬁge ahd f]uorestencé{@éfe measured.
The half-time. for each experiment, és measured_by'A678, has

been adjustéd‘to the same value by multiplying each time scale.

by the apprqpfiate factor. The true half-times of the experiments

were betﬁéeni70_sec and 120 sec.
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'experiméntsvaré shown in Fig .3, each symbol type representing
- a sing]é expgriment in Which absorption at 678 ﬁm and Chlide
f]uorescehCe;at 685 nm (excited at the 1ndicaféd:wave1ength)
were meaSUEed. The half-times of the experimeﬁts varied by a
factor dfytwo owing to variations in light intehsity at the
sampTe’éndfdifferences~in effectiveness'among-the actinic wave-
lengths iﬁ‘promoting photocbnversion. The.time écaies, there-
fore, wefeﬂjjhear]y'édjusted so that the curveg“representing
absorptfdn';hange coincided (see figure 1egend);:f
Thé_bresence of 1.2 M sucrose in my sampTé$ $tabi11zed»the

678 nm form'of Chlide, as reported previoﬁs]y fokfalsomewhat |
~ higher sué?p§e concentration (Mathis and Sauer, T§72). However,
a small fluorescence decrease attributable to dﬁfk brocesses
was observéd;'although it was much Xess.prohoun¢ed_than in the
absencevbf‘sUCroéef To illustrate how the correctiohs were

made for thjé‘sma]] fluorescence decrease, Figv4 depicts a
~typical prokéscence trace vs time of i]]yminatioh;§ The discon-
tinuitieﬁiocéUr at those times when the éamp]e Wa$ removed from
'fhe f]uohbmetér to allow récording of the'absofﬁiion spectrum.
These intekVa}s were long (about‘s min) compared fo,£he times‘of'
i]]uminaffoh;E.Conseqhent]y, I concluded that, dukihg the course
of the\brieffillumination periods, no significantvdecreasevoccurréd
in the fTubéescence'of previously formed Chlide. ‘Thus, the
corrected_fiudrescence at any time wasvtaken as the measured .
fluorescence plus the sum of decreases observed during the inter-
vals betweehigllumination periods. The dashed i{ne_in Fig 4

i]]ustrateslthe level of corrected fluorescence. (A]though this
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Fig 4; .A tybica] trace of Chlide fluorescence atf685 nm
excited at5640 nm vs time of illumination at rodm temperature.
The discontinuifies represent the points at whith absorption
bsbectraIWéﬁé faken.' The decrease in f]uorescehéé 5etween
intérva]é:bf i1lumination was éssumed to resu]t'fkqﬁ a dark
process. tﬁét’slight1y reduced the f1uorescence'yfe1d of Chlide.
The brokéﬁf1ihe'is the fluorescence intensity corrected for
this dark déday (see text). At A, cqmb1ete photbcdnversion

was effected.
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method of_correctioh cannotvbe defended rigorous1y,oI believe

that the.conc]usions based on these measurements. would not be
materia]iy’a}tered even in the absence of any Cerection.)

Ih geuera], experimental curves such as those represented

-in Fig 3 (with the exception of the curve repreSehting Chlide
f]uorescence"excited at 640 nm) could be computer'fitted with

h1gh accuracy with a sum of two exponent1a]s Howeuer there

are severa] 1nd1cat1ons that such fits are fortu1tous First,
| for a react1on involving two simple f1rst-order steps, whether
they occur consecut1ve1y (__g__ Math1s and Sauer ]é72)_or
concurrent]y (_;gL, Boardman, 1962b), all measuredfproperties
of Ch]idefsuch as absorbance or fluorescence iutensity will be
reso1vao]e;infterms of the same two first-order‘rate coostants.
_ However,.this,was never the case 1n.experiments,such as those
111ustrated:1n Fig 3. Second, curves were artificially generated
by sums of:three or four exponentia]s in which‘tﬁe rate constants
differed-by factors as large as five. The computer program
used could usua]]y fit such curves w1th only two exponent1a]s and
with remarkab]e precision. Third, the curve represent1no Chlide
f]uorescence exc1ted at 640 nm could not be f1tted by the sum
or d1fference of any two exponent1a]s

Fig 3 a]so 111ustrates another striking phenomenon -The curves

represent1ng Ch11de f]uorescence exc1ted at 587 nm 628 nm, 640 nm,
and 650 nm all rise more rap1d1y than does the curve represent1no
Chlide absorbance wh1ch may be taken as a measure of Chlide
concentrat1on (Math1s and Sauer, 1972). It 1s_noteworthy that

this d1spar1ty is greatest at 640 nm, the absorption maximum of PChlide.
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G1ycer01_extracf of barley was subjected te"a similar
eXperimeﬁf,vbut with different results. A sample of the extract
was converted with 650 nm illumination at about OfC while
continuoesly monitoring fluorescence intensity. At.intervals,'
the photocdhversion was stopped and a measurementawas made
of the»fJuQrescence intensity excited at 670 nm;'where only
Chlide aEsorbs. (It will later be demonstrated ehat f]uorescence
excited sdiejy by Chlide absorption is a direct‘measure of the
Chlide cohcehtration.) As Fig 5 shows for-three separate exper-
iments, the curve representing Chlide f]uorescence excited at
the PCh11de max1mum lies very near the curve represent1nq Chlide
f]uorescence excited at 670 nm. With saponin extract»the correspon-
dence 1s;evenbcloser, though some disparity remains.

A confrast with bean holochrome is also seen When the photo-
conversion kinetics for barley extracts'is exaﬁfnedf Fig 6 com-
pares the progress of photoconversion in bean ho]ochrome qucero]
extract of bar]ey, and saponin extract of bar]ey, p]otted as
first-order react1ons. The complexity of the react]on in bean
is obvidﬁs; hbwever, both bar1ey extracts show-Tithe or no
deviationffroh first-order behavior. R

(2) Ch11de f]uorescence yield |

To conf1rm that the observations described above for bean
ho]ochrome were not affected by a real change 1nrthe intrinsic
qﬁantum yield of Chlide fluorescence during photocehversion, aﬁ
experimeni;Wes conducted in Whieh Chlide f]uores;enCe (qt 690 nm)
excited étt6?b nm was measured at room-temperature'fn.addition

to absorbance at 678 nm and fluorescence excited at 640 nm.
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Fig 5. _F]upfescence at 690 nm of glycerol extfact,bf_bar]ey
excited at fwo wavelengths as a function‘of time;o% illumination
at about”baci Upper curve: fluorescence excited at 650 nm

(10 nm béndWidth); lower curve: f]uorescence ex§{téd at. 670 nm

(4 nm'bandWidth). 'Thé different symbol types réprésent three
independeﬁtfexperiments, in each of which fluorescence was excited
at both Wavéiéngths. The time scales of the ekpérfments were
édjusted Tinearly so that the E670'curves cdincfdeq: The true.

ha]f-timés}of‘the"experiments were between 35 seé,and 150 sec.
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Fig 6. ‘Théfphotoconversion of bean hq]ochrome;ngTycerol extrac¥
of'barTey,jahd saponin extract of barley, p]ottéd*és the logarithm
of remaihih§ §ctfve PChlide as a function of.tfme of illumination.
Simp1e f?kst;order reactions‘will appear as sthajght lines. The
curve représéﬁting the conversion of the g]ycerd]'extract of

barley contéins points from fhree experiments. . (Thé conditions

.of the expéf%hents j1lustrated wére various; theffigure ié'intended

onTy tO’indicate any deviation from first—order'behavior.)
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Excitatfon:of the holochrome preparation at 670 nm caused no
photoconyersfon, and Chlide may be considered fo be the only
absorbing pigment. The results of two such experiqents are
plotted in Figv7. From the coincidenée of the,curves representing
Chlide aﬁsorption at 678 nm'Snd the 1htrinsic'CH1i§e fluorescence
(Esyb),'I t§nc1ude that the infrinsic quantum‘yie1d of Chlide
f]uorescéncé:is constant during the course of_phétoconversion
in the suéfoée‘holochrome preparation. To_extend-this éonc]usidn
to etiop]ést'préparations, a somewhat more comp]ex;Set of exper-
imenfs wasinecesSany. In order to prevent subégqueht dark
shifts in the Chlide absorption, it was necessakyjfp cool the
etiop]asts t6 ;1d°C; thus it became inconvenith'td move the
preparatfonffrom one instrument to andther durinélthe courﬁe of
a sing]eve*perihent. Therefore, fluorescence at 690 nm excitéd
- at 440 nm:aha at 670 nm were measured during photdconveksiod in
. the f]uo}bhéter,, and fluorescence excited at 44anm and.absof?
bance Wereimeasured on a second sample under similar condifions
in the Cafvapectrophotometer. The results of'f00klsuch exper-
iments oﬁ thé.f1uoeretek and two on the Cary 14‘§ke summarized
in Fig 8. Thé Six curves representing’Ch]ide f}ﬁéfESCence excited
at 440 nhf(ohe from each of the six expefiments) have been made
to coincfdé'ﬁy multiplying the time scales 'of thé sik'experimehts
by appropfiqté factors. This allows the direct éoﬁparison 6f thé
time couréesibf intrinsic Chlide fluorescence (gkﬁffed at_670 nm)
-and Ch?ide absofbance at 681 nm. As'with.the ho]qtﬁrome (Fig 7)s
this cdmpérisdn reveals that the quantum yie]diéf Ch]ide fluores-

cence remains substantially constant during the‘bhdtoconVersion.
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‘Fig 7. Abéoribahce and fluorescence of Chlide iri"be'ah Teaf
homogenate as a funct1on of time of ﬂ]um1nat1on at room tempera-
tur.e. The symbols represent the averages of two expemments
The range of experimental values is shown by the error bars.
4, Chlide ﬂuor‘escence at 690 nm excited at 670 nm (3 5 nm band-
width); O absorbance change at 678 nm; 0, Chhde f]uorescence

at 690 nm exc1ted at 640 nm (10 nm bandwidth).
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Fig 8. F]uoreséenée and absorbance of Chlide as a-fungtiéh of time of

illumination of etioplast preparations at -10°C. Each symbol type rep-

resents. a separate measurement: the solid symbols represent measurements

on the Cary 14 ofvabsorbante at 681 nm (lowek curve)»and'Ch1ide fluo-

rescence excited at 440 nm (10 nm bandwidth) (upper curve); the open

symbo]s'represent measurements on the f]uordmetér of Ch]ide‘f]uorescence
at 690 nm excfted a§ 676 nm (3.5 nm bandwidth) (lower curve} and
fluorescence at 696 nm excited at 440 nm (5 nm bandwidth) (upper curve).
The'time scale for each expériment‘has beén mu]tip]ied by_an'appro—, '

priate factor so that the six curves representing f]uqréiténce excited

at 440 nm_coincide.
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(I am inclihed_fo extend these conc]usioﬁs to otﬁéf plant mate-
' rial‘--'notab]y the barley extracts -- although no additibna]
experimeht§-Were performed. ) ‘

(3) Polarization of fluorescence

The'bo1érization of Chlide fluorescence excited at 670 nm .
was measﬁfédiat room temperature during the'coUréé?of photoconj
version ofba-crude bean leaf ho]ochrome_preparaffan‘and at about
0°c for barTéy'extracts. The fluorescence boiériéation may be
'expreséed'é§f ”

I, -1 S
p = —-—-—I:'_ Ii . (1)

where I"::ai'_h'd"'l_L are the measured intensities o?vfiaorescence
_po]arizeq:parallel and perpendicular to the poTar{ied actinic
beam. The,résu]ts.for'two such experiments on bean holochrome
are p]ottéd_in Fig 9. The error bars represent thé:approximate
' experimeﬁté]funcertaihty in each heasurement. ;Thé_re3u1ts
indicateithaf'there may have been a systematié_ijference between
the two gémplé preparations used; hqwever;.a sigﬁif%cént trend
in the fidbkéscence po]arization i§ obvious. The;pd1arizat16n
decreasesffkbm a value of 0.38i0}08 at 6%vconvéfsfdh.to 0.1710.05-.
at 50% conversion and 0.11¢0,03 at 100% conversion. In the
glycerol extrgct of barley, depo]arizétion of Ch]ide is also
observed, though it is less pronounced than in.fﬁe bean holochrome.
Fig 10 11iu$tra£es the results of -three experiments on the
g]ycero]véxfract; the initial po]arization'value of?about 0.30-
decreasesn§mq§th1y to O.TSt0.01 at 100% conversjdﬁﬁ For the

saponin extréét of barley, the situation is markedly different;
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Fig 9. Pﬁ]afization of Chlide fluorescence at 690 hm exqited

at 670 nm:(4 nm bandwidth) as a function of e*teht_of photocon-
version-of_béaﬁ homogenate preparatfon. Each symbo]‘type repre-
sents a éeparafe experiment at fopm temperéture.?'Thgbérfor bars

represent_the estimated uncertainty in each measurement.
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Fig 10. Polarization of Chlide fhuorescence at 690 nm excited at

670 nm (4 nm bandwidth) as a function of extent of photoconversion

- of glycerol ‘and saponin extracts of bar]ey. The lower curve -

representS:thrée separate experiments on g]yceroT,extracts; the
upper cunVe a single experiment on saponin extracf;i Experiments
were done at about 0°C. Error bars represent estimated uncer-

tainties. -
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' the polarization value of 0.30 remains unchanged during the

photoconVekéion reaction (Fig 10).

C. Discussion

Thé fluorescence and fluorescence po]ariiatibn-resu1ts,
observed'fh‘the above investigations admit of é rather simple
and se]fgcdnsfstent explanation. The observatiéngvéuggest
that,.atioﬁfhear room temperature: (1) under éoﬁditions that
inhibit prt4conVersion dark shifts, the PChlidg ahd Chlide
pigménts éfeTSUbstantially associated during aﬁd fO11owing.

_ photocon?erS%bn in both barley and bean extractsﬁ'(z) the
kineti¢s of'the photoconversion PChlide to Ch1ide'{s intrin-
-sically fikSt-brder; howeyer, under conditionsfthétypermit
'~ energy tfanSfer from PChlide to Chlide, this pfoéeéé Competes
with.the:conversion reaction, thus complicating the observed
kinetics (seé:élso Thorne and Boardman, 1972; Nielsén and Kahn,
1973); (3) thé pigments are aggregated in bean holdthdme,
allowing éx£enéive energy transfer from'PChlidefto'Chlide and
among Ch]fdefmo]ecu]es; (4) pigment aggregates fh qiycer61
extracts Offbar]ey differ from those in bean hoTOChrbme‘in
‘extent and/dfiﬁutual‘orientation and, thus, shdw;1{tt1e_energy
transfer frpm'PCh]ide to Chlide but substantiaT-excjtation
'transfer amth Chlide md]ecu]es; (5) saponin tréafment 6f barley-.
extracts_diéaggregates the pigments‘so that no éXCftation trans-
fer is pogéible (see Henningsen and Kahn, 1971). :These conclu-
sions wi11 bé“borne out in fhe discussion that fo]Tows.

The kinéfics for the photoconversioh of beén holochrome
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~ shows cOﬁsiderab]e deviation from first-order behavior. This
observatjon:and that illustrated in Fig 3 ére mosf:readily

_ exp]ained'by'the occurrence of excitation tran§fef from PChlide
to Chlide at room temperature. The relatively high levels 6f
Chlide fiubréscence excited at 587.nm, 628 nm, 640 nm, and 650 nm
during thé ééf]y stages of photoconversién afiée;ffom the fact
that, whi1e $ome of the actinic illumination abso?bed by PCh]idé
at these ane]ethhs promotes photoconversion,stmejof the energy
is transfer'fed to the newly formed Chlide. | Thus ‘the Chlide
f]uorescencé-excited at wavelengths shorter thaﬁ 660 nm is
dependent_ﬁbf'only upon the concentratidn of Ch]fde'but also

upon the_cOncentration of photoactive PChlide. When Chlide
emissionﬁiS-QXCited by direct absorption of actiﬁic illumination,
and at thé ipw sample concentration used, Ch]idé’fjubrescence

is proportional_to the concentration of the pigment and shows

the same time-course as absorption (see Fig 7)rJ'Therefore, the
dispafityjbetween the curve representing Ch]idé‘abédrption and
those representing fluorescence in Fig 3 arisesvffdm the contri- -
bution offehefgy absorbed by actiVe PChlide and,ifahsferred'to
the‘Chlide,ﬁbThis is confirmed by the observationﬁfhat this
disparity.isfgreatest at 640 nm, the absorption”haximum of the
PChlide in'the holochrome preparation, and is smallest at

587 nm and 628Inm, whére the excitation spectrum of Chlide
fluorescence in the completely converted ho]ochrdmeihas maxima.
The above coﬁc]usions can be used to calculate enefﬁy transfer
efffcienc%és from the curve repfesenting Chlide foOrescence

excited at GSQ'nm and that representing Chlide absorbance (Fig 3).




da

CO 0450002

-33-
Of the energy absorbed directly by the aetive PChlide,
- let E¢ be that fraction transferred to Chlide. Then E4 can be

calculated from the relation

. ChTide | roppiqet
‘- teso ~ Fe7o . Cesg - [ChTide] -
B 70 P OTIde . roon1ide]

where EGSO ahd E670 are the intensities, expressed as a fraction
~of the va]ues observed at 100% conversion, of Ch11de f]uorescence
ggé1de and 25811de are the ext1nc—

“tion coeff1c1ents for Chlide and act1ve PCh]1de at 650 nm;. and

exc1ted at 650 nm and 670 nm; €

'the-brackets:denote concentrations. The va]ues'for E650 are
taken direetly from Fig 3; the values fer E67O'are‘assumed to
he equal.td"those for A678 fn Fig 3 (see Fig 7)}‘hThe dehivation
of Egn 2 1s 1nc1uded in Appendix 1. The straightforwardvca]cu-

lation of E however, is beset by two uncertainties Fihst

t’
since the bandw1dth of the actinic light was substant1a1 (10 nm),
the re]atjve values of the extinction coeff1c1ents_at 650 nm .do
not rigohousﬁy represent the relative absorpt1Qneefficiencies

of the two p1gments Seeond the inactive PCh]ide’-with an
absorpt1on max1mum at about 630 nm, makes a sma]] contr1but10n

to the absorpt1on in the region of 650 nm, thus mak1ng the evalu-
ation of . the re]at1ve values of the ext1nct1on coeff1c1ents
'd1ff1cu1t. W1th cognizance of these uncerta1nt1es, the eff1c1ency
df energy transfer, E has. been estjmated from the above equa-
tion using Eggg1de/ gggllde = 0'5810.08 This Va]ue was obtained

from spectra such as that in F1g 1 by est1mat1ng the absorbances

at 650 nm of active PChlide before photoconvers1on and Chlide
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after photbcdnveréion. The calculation of Et at several values
~of percéﬁtage conversion is summarized in TabTé‘T, 

| Thdfne‘and Boardman (1972) and Nielsen and Kahn_(1973)
have suggested that the probability of energy tfénsfer from
PChlide to Chlide is linearly dependent onn the concentration

of Chlide. - With this assumption, the rate 1aw fof'the deacti-

vation of excited PChlide is

- dPChlider] . [pcnlidexI[ChTide]+ k[PChlide*]  (3)
where kt'ié the rate constant for energy tfansferﬂfrom PChlide
to Ch1ide and'kf is the sum of rate constants ﬁor}é11 first-order
deexcitatianpr0cesses, including photoconversién. The efficiency
of excitatibh transfer, expressed as a fraction:df‘the total

excitation of PChlide, is then

Etheo.ry= kt[Chhde] - (4)
Tt k. [Chlide] + k o
t f . .
Hence, Ezheony can be calculated at various vaTues of the percent

conversion if one value of Et is used for calibration. Using

the va]ue1of E, at 10% conversion, thereforé, tranéfer effiéiencies

t
at further conversion were calculated. These theorefica]]y
derived vajués for transfer efficiency, EEheorygfare given in
Table 1. THe'agreement between the Tatter values énd the exper-

imentally 6b$erved values for E provides strong empirical

t
support for the kinetic formulation of Nielsen and Kahn (1973).
In thq absence of rotational diffusion, the p61arization'

of emission from ﬁso]ated, randomly oriented absdrpﬁion dipoles
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Table 1. . THE EFFICIENCY, Et’ OF ENERGY TRANSFER FROM PCHLIDE

_TO CHLIDE‘ATiROOM TEMPERATURE IN BEAN HOLOCHROME, EXPRESSED AS

* PERCENTAGE OF THE ENERGY ABSORBED BY ACTIVE PCHLIDE.
E650 apd E670 are the values (re]atiVevtovthbsevat 100%
conversion) of Chlide emission at 685 nm excited at 650 nm
and}67d'ﬁm, as abstracted from Fig 3 (E67Ofis a§sumed'to'be
proqutjéha] to A678’ see text énd_Fig 7); {Chiide]/[PChlfde]
is the ;atio of the concentrations of Ch]idefahﬁ active -
\PCh]fdé;*‘Et is then calculated for Eggéidé/ég%g]ide
’0.58#0,08 according to Egn 2. EEheory are:the calculated

va]ueé:%br the efficiency of energy transfer based on Et :

at ]0%’tonversion and the assumption that the probabi1ity

of tkanéfer increases linearly with the concéntratidn of

Chlide.
Percent 650 ~ E670 [Chlide] £ gtheory
Conversion T E [PChTde] ot t
10 “2.00 0.11 0.13:0.02°  (0.13)
25 42 033 0.27+0.05 0.27
50 | 0.79 1.00 0.46:0.07 ~ 0.43

75 0.3 3.00 ~  0.56:0.08  0.53
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is 0.50.‘ As expected, the polarization of ChTide fluorescence
in crude_hoiochrome'approaches this value at 1on conversion.
With increasing conversion, the progressive decrease in polari-
zation va]ues suggests that absorbed‘energy is transferred
among p1gments before emission. S1nce the extent of fluorescence
depo]ar1zat1on is dependent upon the relative or1entat1on of pig-
ment d1p01es and upon the eff1c1ency of energy’ transfer among
the p1gments, the number of molecules among wh1ch exc1tat1on
' transfer occurs cannot be deduced from the f]uorescence po]ar1—
zation resu]ts However, the results in Fig 9 requ1re that
aggregates perm1tt1nq efficient intermolecular energy transfer
~contain-at least four pigment molecules. Approx1mate1y 75% of
the po]arjzation decrease observed during the course of photo-
conversion occurs before 50% conversion is reached. This result
cannot he‘exb]ained by a model involving three or fewer oigment
molecules, even if dipole orientations and excitation transfer
efficiencies are chosen to maximize depo]arizatton' Indeed, the
results are most adequate]y fitted if average groupls1zes are
assumed to be five or larger. The f]uorescence‘po]ar1zat1on
of Ch]ide;protein holochrome in 2 M sucrose has been:measured by
Schultz and Sauer (1972). They concluded that the observed
depo]arization'(relative to monomeric Chlide in viscous solvents)
was due to energy transfer between pigments on the ho]ochrome |
protein. The present results at 100% conversion agree qualita-
tively wi th those of Schultz and Sauer (1972), though ‘the depolari-
zation obseryed in the present work is more pronounced. One

possible reason for this disparity is that the crude sucrose
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holochrome.preparation used in the present work contains 1arger"
protein-aggregates than the purified'ho]ochrome“preparation of
Schultz andtSauer. Thus, more extensive energy transfer may be
bpossible.m Measurements of Chlide f]uorescence'po]arization in.‘
which nousubstantial depolarization was observed:(Latimer and
Smith, ]958* Losev and Gurinovitch, 1969) were probab]y performed
on preparat1ons in which pigment d1saqgreqat10n had occurred
fo110w1ng.photoconvers1on (see Schultz and Sauer;v1972).

Two}additional comments are warranted with«regard to the
f]uorescence depolarization exper1ments on bean ho]ochrome
' First, since: the data at less than 50% convers1on are not h1qh1y
re11ab1e the curve drawn in F1q 9 might well be quest1oned
.Indeed to re]ax the rigorous requ1rement for the aggregate group
size to- three, a curve can be drawn such that 65% of the total
decrease ofmf]uorescence occurs during the 1n1tia1 50% of photo-
conversion However, again in this case, one must make some rather
.un11ke1y assumpt1ons about the aggregated p1qments they must
be oriented so that their absorption d1p01es.are:very near]y
perpendiCuTarrto one another, energy transfer must'be very nearly
perfectly eff1c1ent yet -photoconversion quantum eff1c1ency must
not decrease marked]y as conversion proceeds to comp]et1on
Second, wh11e ‘the above d1scuss1ons have assumed aggregated
p19ment mo]ecu]es wh1ch do not manifest excitonic- 1nteract1ons;
some d1scuss1on is due the behav1or expected of exc1ton1ca11y
coupled d1mers (Math1s and Sauer, 1972) Accord1ng to this mode1;
~at 50% conversion, at least 1/2 of the Chlide remains in the form

of an associated PChlide-Chlide pair (showing no_depo1arization).
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ConseqUent]y, no more than 1/2 of the total f]dorescence polarization

#

decrease should be observed during the first 50% of the reaction.

- This is not cons1stent with observations.

Exper1ments done on barley extracts y1e1ded considerably
different resu]ts from those with bean, and, in_mqst cases, helped
~confirm the explanations given above for the beanJho]ochrome
results by servihq as contro] experiments. Saboﬁjnttreatment
has been previeus]y reported to yield monomeric holochrome sub-
units eXﬁibftihg sfmp]e first-order kinetics (Henﬁfhgsen-and Kahn,‘
1971). My stud1es fully support these f1nd1nqs "Fig 6 demon-
strates the f1rst order kinetics for the photoconvers1on of
sapon1n treated barley extract.  The absence of PCh11de-Ch11de
energy transfer as a competing reaction was confirmed in experiments
similar to those illustrated in Fig 5, where the curves representing
Chlide f]uorescence excited at 670 nm (where only Chlide absorbs)
‘and that excjted at 650 nm (where PChlide absorbsﬁstrongly) very
nearly cpjhcide.s Further, the absence of ChiideQCh1ide enerqgy
transfer is_demonstrated in Fig 10, where the po]ériiatioh of
Chlide fTUorescence is constant during the progressﬁef phdtocon—
version.: The”g1ycero1 extract of barley differs'from the saponin
-treated extraet in only one regard. The former stiows considerable
'depo]ar1zat1on of Chlide fluorescence as photoconvers10n proceeds,
suggesting that the pigments are suff1c1ent]y aggregated to permit
energy transfer among Chlide molecules prior tofemissipn. However,
from the very nearly first-order kinetics exhibitedi(Fig 6) and
from the ﬁearetoincidence of the curves‘E670 and.Eséb in Fig 5,

one must cbnt]ﬂde that PChlide-Chlide excitation transfer is not
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an effective competitor with photocbnversion at.09C.

The contrasts between the fluorescence depolarization curves
for bean holochrome (Fig 9) and glycerol exfract of barley
(Fig 10) are‘also wqrth noting. Although the measurements at
1ow canérSjon are subject to-large errofs owinq“to»the small
f]uoresCence‘signals, there appears to be a sigﬁificant difference
betweenlfhé’va]ues for polarization extrapolated to 0% conversion
. 1in the th preparati0ns. In bean holochrome, f]ubrescence polari-
zation appears to approach a value greater than'0.40, whereas,
for bar]eyi(Wfth or without saponiﬁ), thé value is about 0.30.
Since théiviscosity of the barley preparations wéﬁ'about'25 times .
that of the:bean holochrome preparation -- aontTJSO centipoise
(measured)mV§:about 7.5 centipoise kestimated)fff“the differehce
is not 11ke1y to be a result of greater rotatioha] diffusion in
: the'barléy,féven were it a somewhat smaller speéies. Indeed,
evén if ;He7Ch1ide pigment has considerable freédom of movementv
indebendentvof the holochrome protein, such fréédom shoqu not
be maniféét-in f]uorescénce polarization measuréments in glycerol,
unless the-ipca1 viscbsity is substantially Tess than the bulk
“value of 18b~éentipoise. (The notion of a 1essirigid barley
ho]ochrome;ﬁn{t is, however, not inconsistent with‘its 1abi]ity
to mostvaqUéoUs isolation techniques.) B |

A seCphd difference between the fluorescence pbiariZationv
results for’fhese two preparations is the extentfof:depo1arizati§n.
during phoédconversion. The bean holochrome shows a precipitous
decrease in:f}uorescence polarization at 1qw conversion and the

value at complete conversion is only about 25% of the initial
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value. In barley, the depolarization is less brohounced'with the
final va]ue'about 50% of the initial. Indeed, whiie aggregates
of four;qr five pidment molecules are necessary to explain the
behavior of ‘bean holochrome, only three are necéssary for bar]ey.
Clear]y; h@Wever, these data do not demonstrate that pigment group
sizes differ in the two cases. In fact it might be more reasonable
to asSume'fhat the pigment molecules are merely arranged differently
in the bariéy, thus permitting only limited energyatransfer among
molecules.  This suggestion is supported by theifinding-that
energy is:hof effectively transferred from PChT%de to Chiide at
0°C (cf Fig 5 in contrast with Fig 3). B

Finai]y,‘some comment is necessary with régard to the con-
stancy of thglintrinSic quantum yield of f]uoreséénbe of Chlide
~ during phdchonversion. This finding does not coﬁfirm a model
in whichicid$e1y-coup1ed dimersrof Chlide exisf (Mathis and Sauer,
1972). Such:dimers would be expected to display a f1uorescen¢e
efficienﬁy:different from fhat of the monomers (jég;J mixed
Chlide-PChlide dimers) present at partial éohvé}éiOn. Changes
in the shabé or position of the absorption band'durfhg photo-
conversion are also absent (Mathis and Sauer,v1§72);' In the
absence of closely coupled dimers, however, theltb‘spectra of
Mathis andiséuer cannot be réadi]y explained. This apparent

discrepanqy-remains unresolved at present.
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ITI. LINEAR DICHROISM

If a pru1ation of immobile, isolated absorbiibn dipoles
is partiaiiy’photoconverted with linearly po]ariiedllight to a
secoﬁd spééies of identically oriented osci]]afdrs,bthe newly |
produced'ppr]ation will be linearly dichroic (sée;:for eXamp]e,
Junge, 1?72; pone, 1972, Brown, 1972). In the épbé?atus diagrammed
) schematically in Fig 11, the dichroic ratio is defined as
.P _ I -1, (S)
| Iz + IX , o

where I? and Ix represent re]étive'extinctionsﬁof{the new species
heasured’wﬁfh z- and X-po]arized méasuring beams, réspective1y.

The dichkoi¢ ratio will appfoach O;SO'in fhe idea] case, if
photocanéfsion is effected with z-polarized exéifing light.

[This and sUBSequent values for the dichroic ratio were obtained
using the general equations of Albrecht_(1961){” Values‘for selected
cases aré;téﬁulated in Table 2.] The'analogy with fluorescence
_ﬁo]arizat{bn,is obvious. _I?'the photoconversion“i§‘accomplished
with unpolarized light, the dichroic ratio will be 0.33. Even
with p]anérfkrather than linear) oscillators and wifh unpolarized
photbconveksfpn illumination, a non-zero dichrdié ratio approachihg
0.077 Will'bé observed. (The results are different in many cases
when the photdconversibn»is effected along thebékfs of the measufing
beam; theYer, for simple absorption dipoles and a Tinearly

po]arizedjcngersion beam, the dichroit'ratio sti]]_épprqaéhes'O.SO.)
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detector
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measuring
beam

“tonverting
-beam

XBL753-5125
Fig 11. =$chématic of an apparatus deéigned to‘mééégré lfnear
dichroisﬁ_iﬁdﬁced by partial photoconversion of_the-Samp1e by a
linearly pOiarized converting beam. Conversioh:fs'effected by
a z-po]arized;beam propagated in the +x directidngf‘Measuremeht
of'absorbaﬁce'changes-is made by a beam propagatedfiﬁ the +y

direction, -either x- or z-polarized.
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Table 2. CALULATED DICHROIC RATIOS FOR SELECTED SYSTEMS.

Singleibscillator refers to an isotropic array of molecules

in each of which the transition exéited by theﬂconvert1ng
beam*aﬁéfthat observed by the measuring beam‘are parallel.

Perpendicular pair may be visualized as a similar array where

in eachlmolecule these two transitions are mutually perpendi-

cu]ah. ‘Planar molecule refers to an akray.where, in each
mo]ééu]é; excitation of two mutually perpeﬁdiéu]ar_transitions
' mayjbctﬁf, but observation of only one suchifrghsition is
made.]ffﬁ énd f, represent the extinctions bf'ﬁhe-excitation-
absorbiﬁénoséillators para]]e] and perpendféu}ar, respectively,

N

to thé ¢§ci11ator observed by the measuring beam.

z-polarized y-polarized = = unpolarized

excitation ~excitation - . excitation
single oscil}atok'f7 0.500 - 0.00 . 0.333
perpendicular paaf 1 -0.333 0.00 - . -0.143 |
planar molecule 0.143° | 0.00 . 0.077
(fy = fL) - _ S |
planar mo]eculeh_' :' - 0.333 0.00 "f‘. 0.200

(fy = 3fL)ifil
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Therefore, if PChTide molecules behave as 1561ated species,
their partial photoconversion with polarized or unpolarized light
will préducg'a nonisotropic population af Ch]idejmo1ecu]es;. Iﬁ a
medium iﬁ‘which the pigments have been immobi]ized; the photocon-
version of:-the PChlide and the spectroscopic 6bseryation of the
Chlide can be conducted at one's leisure. HoQéVef; in solution,
the photoconversion and observation must be effectéd before
rotation51 diffusion randomi zes the Ch]idelorientations. Both

of these approaches were attempted.

A. Materia}s and Methods

(1) Gelatin Films | |

Bean hb10chrome was prepared as»described‘ih‘fhe previous
section.f'For the preparation of gel films, a procédure similar
to thaf of Nkight, et al. (1972) was used. The holochrome was
dia1yzed“agéjnst buffer containing 0.1 M tricine, pH 7.6, 0.1 M
sucrose. ;Thﬁs low-sucrose holochrome was then miXQd'with a 10%
aqerus solution of purjfied calfskin gelatin (Eastman Chemical)
in é ratio -that was varied in differeht experiménfs\from 3:2
to 8:3. ‘féﬁ ml of the resulting mixture'wés 1ayeked into a
Parafi]m-ébéted pefri dish and stored for two déys'in_darkneSS
at rbom tempefature under house vacuum. ':.

Absofbtibn measurements, including those usedrfor the cal-
culation of dichroic ratios, were made in the Cary 14‘spectro-
photomete} with the scattered transmission accessof&; The ge1
films wefé;cui into 2 cmx 1 cm pieces, then thréejér four thicknesses

were affixéd xo a standard sample cuvette for spectrometry.
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-Absorptioh‘Was usually measured from difference spectra --
i]]Uminatedjsamp]e vs unilluminated reference‘saﬁp1e. Photo-
conversion‘was effected with the measuring beam (640 nm, 3.0 mm

slit width)‘passing through a Polaroid po]ariier,‘“Po1aroid
fi]ters»were}a1so used to polarize the measuring'beam when
desired durfng the actual absorption measuremehtsQ'vDuring the
reCording_Oftthe spectra, no measurable pﬁotoconyersion occurred.

(2) Im1doester treatment |

Attempts to cross- 11nk the holochrome prote1n were made on
bean ho]ochrome preparations obtained as descrmbed earlier except
that'the'bpffer consisted.of 0.2 M TAPS (tris [Hydroxymethyl]

Methy]am1no propane Sulfonic acid, Sigma Chem1ca1) pH 8.4
0.4 M sucrose Preparat1ons containing 0.1 M sucrose were obtained
by d1a]ys1s aga1nst this buffer in 0,1 M sucrose.r Various
schemes were used to cross-link the ho]ochrome each 1nv01v1nq
the add1t1on of dimethyl adipimidate d1hydrochlor1de (DMA) o
d1methy1 suber1m1date d1hydrochlor1de (DMS) [P1erce_Chem1ca1 Co.]
to a st1rred_ho]ochrome suspens1on at 0°C. Frome4:mg to 9 mg
of the imidate was added, either in aliquots orfihtdne lot, for
each 1 ml'of'HOIOChrome solution. Stirring was;peually continued
for about 3 hr Spectra were taken on the Cary 14 

A s1ng1e sucrose density gradient was run w1th the cross-

_1inked ho]ochrome vs a control, untreated ho]ochrome. The Cross-
1inked ho]ocprbme was prepared by treating 10 mT'of a 0.1 M

sucrose d1a1ysate with 60 mg ‘DMS for 4 hr, then" red1a1yz1ng

against buffer in 0.1 M sucrose. The cont1nu0us grad1ent was

prepared between 50 g/1 sucrose and 250 gm/1 suCroSe. The
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v

cross-linked dialysate was run in one tube, the untreated dﬁa]ysate

in a secbﬁd, for 8 hr at 24,000 rpm in an SW27 rotor.

(3) Transient dichroism

G]ycerol extract of barley was obtained as opt]ined in the
previous section. A g]yceroT extract of bean was bprepared in
an exactiy,ana1ogous way. Tobdecrease the water cohtent, hence
increase the viscosity of the preparation, 20 hl of the glycerol
extract’ip‘a petri dish was placed in a desiccator under house
vacuum for“about 24 hr. The resulting mater1a] 1s referred to
as desiccéted glycerol .extract. The viscosity (and thus the
perCentage,ofuglycerol) of this desiccated extract was measured
by compar1nq the flow time through a cap111ary ‘with the flow
times of known water-glycerol mixtures.

The apparatus used to measure transient 1ineér>dichroism
is diagrammed_in Fig 12. The Bausch and Lomb high;fntensity |
monochromator;was set at 680 nm and its entrance-end‘exit slits
set at 2.5‘mm~and 1.9 mm, respectively. The tunpsten lamp,
nomina]]y'rated at 45 W (6.6 amps) was operated et'7.0 ampe by
a regu]ated DC power supply. A 680 nm 1nterference filter (F2
in the f1gure) and the appropriate polarizing f11ter (F3) were
placed 1n front of the EMI Model 9558 photomu1t1p]1er tube (PM).
The PM voltage source was a Power Designs high vo]tage supply
opereted atce voltage (typically 400~-450 vo]ts)iwhtch yielded
maximum sigpa1 while not satUrating the PM resppnse The pre-
amp]1f1ed PM s1gna1 was observed and photographéd on a Tektronix
RM31 osc1]]oscope with a Type D plug-in unit. The part1a1 photo-

conversion was effected with an ILC xenon flash un1t operated at
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2000 volts. The flash duration was about 50 pﬁéc;_ A Corning 4-97
color filter (F1) was used in the flash Tamp to'hihimize>the flash
intensity'detected through F2 by the photdmu]fprier. Signal
and pulse generators (Princeton Applied Research) were used to
sequence the flash burst and the oscilloscope trace. Under
typica]vexperiméntal conditions, a single flash tonvérted 10-20%
- of the sambTé from PChlide to Chlide. This resu]ted in a reduction
in detected light intensity (i.e., inckeaéed aBsorbénce) at 680 nm
equal to ébbdt 1% of the total deteéted signa].f.:

Theléample was contained inal cm x 1 cmicUVette (mirrored
opposité‘thé xenon.f]ash) which in turn was he1d ih'a small cubical
sample cdﬁﬁaftment with windows for the measuring beam and excita-
tion f]ash;"No means was established to cool Sahb1és in this
' apparatus;_then measurements were desired at»Tower temperatures,
the samp]e'was precooled, then subjected to thevéXperiment within

15 sec.

B. Results '

(1) Linear dichroism in gelatin films

The acf{Vity of gelatin films, as measuredrby'thé total
possible chaﬁgé in absorbance at the Chlide absorptibn maximum,
corrected fdr di]ution and path length differences, was typicé11y
about 75% £hét 6f‘the hpmogenétes from which they Wére prepa}ed.
Further, théiffims retained this level of activfty for at least
a week if kéﬁt dry and at room tehperature. By cohtrast, bean
ho]ochrqmetfn.0.1 M sucrdse rapid]yA]oses its aétivity at room

temperature. The films also showed unusual spectré} characteristics.
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When i]iuminated at room temperature, the films showed the usual
reduction‘of absorbance at 640 nm, but the absorntion increase
associated with the appearance of Chlide appeared at 680 nm and
exhibited no dark shifts. :

when fractionally'converted with Tinearly polarized light,
the ge]at1n f11ms never exhibited measurable 11near dichroism.
(The accuracy of the measurements would have perm1tted the detection
of d1chr01c rat1os of the order of 0.01.)

(2)_Cross-1inking treatments.

. Ge]s’were made from imidate cross- Tinked hoiochrome (0.2 M
TAPS, 0. 1 M sucrose) in the hope that the cross 11nk1nq m1qht
further 1mmob1]1ze the holochrome protein and enhance the possi-
b111ty of observ1ng linear dichroism. However,tge]s prepared
with TAPSrbuffer lost all activity during the oruing period.

_ Holochrome preparations'treated with up to §\mg'of diamido-

. ester perun1vof holochrome solution (about 20 mg7inidate/mg
ho]ochromeiprbtein) showed no detectable changes:jnvactivity or
spectra]'characteristics At room-temperature,tthe-Ch]ide holo-
chrome d1sp]ayed the usual dark shift from about 677 nm to 673 nm.
The sucrose dens1ty grad1ent showed Tittle 51gn1f1cant d1fference _
between. the ‘cross-1linked mater1a1 and the contro] (F1g 13),
though there does appear to be an increase in the amount of a
‘heavy, 1nact1ve PChlide fraction upon treatment’ w1th 1m1date

(3)_Trans1ent Tinear dichroism in so]ut1on’~"

The destccated glycerol eitracts of.barleyaand_bean used in
the transient dichrotsm experiments showed-viscosétfes of 1.5-2.0

_ poise at'rOQm;temperature (corresponding to 88-90%‘glycerol).
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Fig 13. The results of a sucrose dens1ty grad1ent on redialyzed
bean ho]ochrome The upper f1gure shows the d1str1but1on of
inactive PCh11de measured by its absorbance at 635 nm; the lower

figure 111ustrates the d1str1but1on of active PCh11de, measured

by the change in absorbance at 675 nm upon comp]ete photoconversion,

s, control dialysate; o, cross-1inked dié]ysate.f
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Therefore, the viscosities of these preparations'were estimated at
4-7 poise at 5°C. Earlier experiments were done on undesiccated
extracte at about 5°C where viscosities were abodt‘1.6 poise, and
a single exeeriment was done at temperatures be]oW‘O°C (as the
extract wanﬁed from -76°C) where viscosities ekceeded 10 poiée.
Figebi4416 depict typical experiments at:anout 5°C, performed
on sevenal Separate samples. Each sample, in the-bresence of a
cont1nuous po1ar1zed measuring beam of the 1nd1cated orientation,
was exposed ‘to two or more actinic flashes wh1ch reduced the
transm1tted s1gna] as the Chlide absorption atv680 nm increased.
The absoTute magnitude of the signal reduction'vanied irregularly
among samp]es and does not reflect any phenomenon. of 1nterest
D1chr01sm wh1ch would be detected as a trans1ent of the sort
1nd1cated byethe,broken Tines, was never cons1stent]y observed

(see further discussion below).

C. Dlscuss1on

Unfortunate]y, the experiments 1n th1s sect1on do not suggest
: c]ear and unamb1guous conclusions. The absence of def1n1t1ve-
controls wh1ch would render negative results mean1ngfu1 compel

an amb1va1ent d1scuss1on | :

In the bean holochrome gels, the.pigment holecu]es may be
cons1dered 11near oscillators since on]y the Q trans1t1on of
PChlide was exc1ted by the 640 nm actinic beam (a conc]us1on
drawn from the spacing of the Q and Q bands .in Houss1er and
“Sauer, 1969) and only the parallel Q trans1t1on of Chlide was

analyzed for.ev1dence of dichroism (see data for Ch1 in Houssier
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Fig 14. Méaéurément of absorbance change at 680 nm in glycerol
extracts;dfvbar1ey at about 5°C. Each pair of”trétés repreéent§
the firsﬁ'(top)vand second‘(bottom) flashes on.aﬁéiﬁglé sample.
The pO]afizatjon of thé‘measuring beam 1is shownvin}ihe figure
for each:of.the four experiments.‘ The dashed 1ihésvi1]ustrafe

the behaVibr'expected under these experimenta15cdnditfons for

a dichroié"ﬁémple of molecular wéight»GO0,000 (§¢e_fext).
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~ Fig 15. Mé@surement of absorbance'changé at 680 nhtinvdesiccated
g]ycerol-é*ffact of barley at about 5°C. The tfaées represent the
first throﬁbhffourth flashes on a single samp]e;3Wfth the measuring
beam\po]arizéd as indicated. The dashed lines ﬁ]Tuétrate the
behavior for;a dichroic sample of molecular weiéﬁt_BO0,000'(see

text).
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Fig 16. Méaéuremént of absorbance change at 68Q’hm-fn desiccated
glycerol extrépt of bean at about 5°C, The traces represent the
first (botfdm) through fourthb(top),flashes on aﬁSihg]e sample,
with the measuring beam polarized parallel to théiz;axis, The
dashed 1§ﬁé5111ustrates the behavior for a dichrbicigample of

vmolecularJWeight 600,000 (see text).
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and SaueF;'1970). For this system, with the actinic and analyzing
beams a]ohg'the same axis, the dichroic ratio for ideal immobile
oscmatoﬁ;@m be 0.50 (Albrecht, 1961). The absence of measurable
dichroism'fok bean ho1echrome films, therefore,'implies either
thaf'excftafion is depolarized (presumably by intermolecular
transfer:ameng PCh]ide'mo]ecu]es) before photocenversion occurs,
hence proddejng a randomly oriented array of Ch]ide mo]ecu]es,.or
that the‘pfghents in the film were not immob11e. |

There is clear evidence that the holochrome in desiccated
gel films does not exhibit some of the characteristics often
associated.with structural mobility of the protefﬁ,'but'it is
prob]emqtiea1 that this implies absolute immobiTity; The spectral
shift towa}d:the blue which‘is nokma]]y-seen in holochrome prép-
arations;vaﬁ& the shifts in intact leaves from 678 nm to 684 nm,
then to 673 nm, are usually attributed to confe;mationa1 changes
(even disaggfegatioh of subunits) (see, for exémpie, Thorne, 1971;
Butler an“d.B;‘iggs, 19665 Mathis and Sauer, 1973__‘)7ok-, at least,
tq~subt1ee¢onforhationa1 re]axations'(Thorne, 197]);; No‘such
spectré]iéhifts were seen in the gel films; hoWever, high concen-

trations of sucrose in holochrome preparations simiTar]y,stabi1ize

the firste§pectra] species of Chlide without imﬁobi]izing the

molecule (see;this work, and Mathis and Sauer, 1972);v'1naetivation
of the hdlechrome.is also likely due to denaturaffen;or conforma-
tional dierﬁptiOn. Again, the film preparations éhpWed high
stability atproom temperature, more dramatic even than the stabiliz-
ing effect-ef_SUCkose in solution. “

More suggestive evidence that the ho]ochrome“protein was
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immobilized in the gelatin film can be found in iﬁé study of
Wright, SE.El;-(1972)~ Using preparati?e procedures essentially
identical fo thosé deséribed in the present work, Wright and
coworkers wefe able to observe anisotrqpic orientafions'of
rhodopsin and other proteins in dried gelatin f%]hs;' The presencé _
of sucrose in the ho]ochrdme preparation may, however, have
reduced'the effectiveness of the:drying procédﬁré.in removing
water from fhe sample. Nhereas (by my ca]cu]atidns) Wright,
et al., Wefé able to reduce the volume of their sa@p]es aboutﬁ
20-fold durihg desiccation, I was able to effect §h1y abodt a
10-fold reddction in volume with ho1othrome in O;1vM sucrose.
Qua]iffcétions notwithstanding, the weight 6f suggestive
evidencelseemé to indicate that the holochrome prbtéin was at least
partia]ly[ﬁmmobilized by suspension in gelatin film, and, there-
fore,vthat}the absence of Tinear dichroiém is a fésu]t of effective -
energy traﬁsfer among PChlide moTlecules beforevphétoéonVersioh.
The trans1ent dichroism experiments used unﬁoTarized
actinic f]éshes which excited both BX and By transitiqns in
PChlide moletu]es, while only the Qy transitiOn;qflthevCh1ide
mo]ecu]eé'was‘examined for dichroism. ‘The dichr01c ratio expected"
in the case of ideal, immobile oscillators, therefore, is less
than 0,50, bhf‘can'be estimated from the equatfons.of_Albrecht
-(1961). Iftwé as;ume,thét the oscillator strenétﬁ of By is three
times that'ovaX (see values in Houssier and Sauer, 1969), the
dichroic‘fatio approaches 0.20 in the ideal case uﬁder these_
experimehfai conditions. (Even if the osci11ator'strengths are

equal, the dichroic ratio will approach 0.077.).
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It wéS'important to insure that the transient phenomenon
being sdugﬂt occur during the time frame of experimental observation.
The Tamp aftifact obscured thfngs of interest duking the initial
150 usét"of_the experiment, whereas the AC-coup]éd oscilloscope
swéep'beéanrto decay back to the baseline aftérfgbbUt 10msec. To
calculate the rotational corre]ation tihe for thé'ho1ochrome

protein;'théfequation of Einstein was used:

. where n %§ fHe viscosity of the medfum, r the fadjus of the
visphériéé])’mOTecu]e, k Boltzman's conétant, and.T.fhe absolute
temperatﬁré:7fTab1e 3 gives representative va]ues'for T at dif-

- ferent vfscoéities for three values of r (corréspbnding approxi-
"méte]y‘td:hélécu1ar weights of 100,000; 300,000;vahd 600,000
da1tons);. Th¢ true correlation times will ref1e¢ffény non-
rigidity-éf the'holochrome molecule as well as é”hon-spherica]
shape, and héﬁte may vary widely from the ca]cu]ated values.

v Howéver, siﬁéé, with one exception, experiments’deécribed herein
were dongn6h $amp1es with n < 10 poise, the conéiUSioh must be
drawn from“Table 3 that linear dichroism wou]d:not be detected‘
in a moleéﬁle of iess than 300,000 daltons. The 'molecular weight
of the bééﬁlholochrome in glycerol can be_estiméfed at 600,000
based on its weith in aqueous solution, but the Bar1ey holochrome
~is not so wé]] characterized. There%oré, negatfve_resu]ts with
barley hd]éépkome must be ihtefpreted wfth cautiph. 

'In addition, as With the bean holochrome gé1s,:§onc1usions
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Table 3;?fROTATIONAL CORRELATION TIMES FOR SPHERICAL HOLOCHROME

PROTEINS OF DIFFERENT SIZES AT SEVERAL.SOLVENT}VISCOSITIES.
The_VéJnés of the rotational correlation time; T, are cal-
cu]atéd:from.Eqn 6 with T = 273°K. The viséosity, n, is
expréséed in poise; the radii, r, correspohd_to'approximate

mo]etuiék weights of 600,000; 300,000; and 100,000.

VALUES FOR r

n 68 A 54 A 38 A
0.5 - 52 usec 26 usec . . ' 9 usec
1.0 105 52 Y 18
2.0 210 105 S 35
5.0 525 262 88

10.00 1050 525 e 175
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from the tranSient dichroism experiments must;be témpered‘by the
_ absence_of_a dichroic control which’might:have demonstrated the
meaningfu]ﬁéés‘of negative results. The prim&?y‘difficu1ty in
attemptfhg“é;définitive explanation of the‘resu]ts in this section
is the possibility, suggested above, that the‘Cofreiation~tfmes
might be;huCh lower than those estimated. This situation might
arisé, eveh Wfth large proteins, if the pigmenf_bf:a small protein
“subunit Eonfaining-the pigment is non-rigidly attéthed'td the
bulk of ﬁhé ﬁrotein. With this disclaimer, howeve?, some ‘con-
c]usions,afe indicated.- :

Thezbfdken»lihe in Fig 16 represents the ffan$ieht'one would
- expect tdbdbSérve_f0r~a rigid ho]othrome of 6005000 molecular
weight}undér*the conditions of this experimeht.fn'the absence of
any depbférizing mechanism except rotationa]=diffusjoh;‘ (The
vfstOsity~is taken as 6.5 poise.)‘ The initial dithfoic ratio
of 0.20 deqays with a calculated rotational corfe]affdn:time‘of
650 usec.f Thé consistent failure of the dgsiccated'g1ycé}o1 '
extract ofiﬁean to show any transient,phenomehon Tequire$'thé
preSence'qf ofher depolarizing mechanisms. The”most.like1y
exp1anatidn;appeaks to be that the excitation is’éffectively trans- .
ferred amdnégPCh]ide mo1ecu1es before conversion to Chlide occurs,
thus.yieldiﬁé1a non-oriented popu]afion of Ch1fae molecules.
Efficient tféﬁsfér among as few as two or threetPCh]ide molecules
co&]d é]jminate any measurable transiént orientatioh.aniSOtropy
of the geherated Ch]ide population. (The Stabi]ft}~bf the bean
ho]ochrqmg dﬁring isolation and in soldtion,‘and taé”high-initial

f]uorescéncé po1arization value in Fig 9 certainly fail to support
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the'possib{1ity that the absence of measurable dichroism results
from a non-rigidity of the holochrome mo]ecu]e:) | |

The_egperiments i]]ustrated'by Figs 14 (g1yeeko1 extract of
barley) én6115 (desiccated glycerol extract of baf]ey) do not,
unfortunately, lend themselves so readily to ana]ys1s There are
problems on severa] fronts: (1) the mo]ecu]ar we1qht of the
ho]ochrome prote1n is unknown, hence the est1mat1on of rotational
corre]at1on.t1me is d1ff1cth' (2) the 1nstab111ty'of the barley
suggests the poss1b111ty of molecular non- r1g1d1ty, (3) the
activity of the barley preparations was lower than with bean and
the lower s1gna1 to noise made the detection of any real transient
more d1ff1cu]t Neverthe]ess, dashed Tines are 1nc1uded in the
figures to 111ustrate ideal transient behav1or under the given
conditions (n<— 6.5 poise, r[assumed] = 54 A, 1n.F1g_15,

= 1.8 poise; rlassumed] = 68 R, in.Fig 14). No transiehts
were conststently observed, though individual expeffments
(e.q., tfate,é, Fig 15) gave ambigquous, or even epbefent1y

positive results.
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IV. IN VIVO SPECTROSCOPY

The measurement of absorption and f]uo?esceneeISpectra
of intact tissue is perhaps the most direct wayIOf.ana]yzing
" the changeoithat accompany and follow j11uminatfon of etiolated
tissue. ‘Such measurements ahe fraught with diffjtdlties, however,
and the reports of various‘inyestigators have yfered'a comp]ex,
near]yrineomokehensible, picture of the PCh]ide”to.Chlide con-
version"-"' |

As out11ned in the Introduct1on, several sh1fts are read11y
observed 1n the absorption maximum of intact et1o1ated material
fo]]ow1ng brlef, saturating illumination (Sh1bata, 1957; Gassman,
et al., f?éé}hBonner, 1969). This sequence of,eoectral forms can

be represented as follows:

| P_Ch]ideﬁ_sd A, Chnde678,§-_‘ﬂ}'§o- Chideggs 9—%—"6 Ch1(1de)673
[AT 1nvest1gators observe these species, a]though ‘there remains
some debate about the precise wave]engths of the soectra] maxima.
and cons1derab]e variety in the nomenc]ature adopted to 1dent1fy
the severdf-species To simplify the d1scuss1on, the above
notat1on will be used, even when d1scuss1nq the observat1ons of
“other 1nvest1gators, unless there is some uncertajhty about the
identity of a species. Note will be taken whenhthere is dis-

agreement about the position of the absorption (or fluorescence
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excitatjon) maxima.] In addition, several recent observations
have suggésted a more complicated picture:
(])ﬁKaHn, et al. (1970), using absorption*ahd,f]uofescence mea-.
surements-made at 77°K, concluded that there are two forms
of'PCh]ide with absorption maxima at 637 hmjahd 650 nm. They
further adduced evidence that energy transfér;does not occur
befWéeﬁ.fhese two distinct species at kooh'temperature.
(2)'Thq}ne (]971), making similar measureméhfszin intact
tiSsué;bpbsérved a stable species with avaudkescence exci-
tationsmaximum at 668 nm following fractibﬁé]ltonversion of
PCh}idé:! This new intermediate species waé:étable at rooh
tempéféture in the dark, but presumably u6dérwént further

photdcbnversion to Chlideg o, Thorne also concluded that,

g
ih ihtaCt tissue, pigment groups within which éffect1ve

enefgy transfer can occur at 77°K contain gonf 20 molecules.
(3) Litvin and Belyaeva (1968, 1971a, 1971b), in common with
Thofhe,.suggested a scheme featuring two:cQﬁseﬁutive photo-
chehfté]Ireactions. The Russian investigafé?§ a1so'reported
f]udfegcénce'excitation m§xima in intact 1eév¢§iat 77°K that.
difféféd substantia11y from the absorption ma*fmé usually |
Obsered;—- Ch]ide678 showed a maximum at 680 ﬁm, Chh‘de683

at 685 nm, and Ch1(ide)g,5 at 670 nm. B

(4) Méfhis and Sauer (1973) concluded frbm:absorption spectra.
of iﬁfaét béan leaves taken between 0°C andgrobh temperature
that:équersion occurs yia two photochemical sfeps representing
theigéqﬁéntia1 reduction of the two molecu]esiin a PChlide
dimer.j“. | R o

C]earTy;'the most striking aspect of these recent reports
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is the snggestion that two consecutive photochemteel reactions
accompanyvthe conversion of PChlide to Ch]ide.}fThis argument is
not.in readynagreement with the notion that tne{reductionvis a
simple first-order reaction complicated by energy transfer among
associated.pigments (Nielsen and Kahn, 1973; ThOrne and Boardman,
1972, this work) This section will attempt to reconc11e these

mode]s - at .some obv1ous cost to the former.

A. Materiais and Methods

Kidneyfbeans, disinfected with Arasan (DuPont), were
p]antedtinrrermicu]ite that had been briefly soeked_in water.
‘The seed]ings were then'grown in darkness at aboot 22°C; harvesting
was done at room temperature under a green safe]1ght Absorption.
spectra were recorded and sample temperatures were measured as
_descr1bedvprev1ous]y (Mathis and Sauer,,1973)._‘Photoconvers1on;
: when desired, was effected with the measuring beam of the spec-

trophotometer'(650 nm, 3.0 mm s1it).

- B. Resuits.r.
W1th an eye to systematizing the apparent]y d1sparate ob-

servations of .other 1nvest1qators and present1ng a coherent p1cture
of the spectra] shifts associated with convers1on of PCh11de to
" Chlide, 1ntact leaves were exposed to- various doses of 111um1nat1on
at temperatures between -30°C and +6°C. The ages-of the leaves
varied, bdt age differences had much less effect on the observed
_spectral'regines than did the temperature_or extent'of phototon-.

version. Consequent]y, Table 3, which\out]ines;the significant
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LEAVES FOLLOWING-ILLUMINATION AT VARIOUS TEMPERATURES.

TEMPERATURE (°C)

Leaves were converted to the extent indicated by exposure

to the measuring beam of the spectrophotometer.

for éxperimenta] details.

See text

Figures above'thé arrows denote

thé’iéhgth of time (minutes) required for théEindicated

shifffto occur,

*~ % CONVERSION

OBSERVATIONS.
(absorption maxima in nm)

" SHIFTS IN ABSORPTION MAXIMA OBSERVED IN ETIOLATED BEAN

-30

-21

-14

-1

1.7

. 5.8

100

25
100

10
10
25

100

20
100

15
100

20

650 —— 680 (stable)

650 —— 680 (stable)
650 — 680 (stable)

650 — 677--‘678 (stable)

650 —— 682. 5 (stab]e)

650 — 674-,5 10!

650 ——> 678 15', 675 (stable)
650 —— 678 151, 675 (stable)
650 —— 678 =20 50', 675
650 —— 677 10, 675.5 30",
650 ———> 678 —59-» 676
| o :
650 ——» 681 — O 682.5 —r0
. '
650 ———> 682 —3-9,—+ 683
650 —— 677.5 20", g75.5 30",

674.5

682

674.5

672.5 (stable)
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results of'these spectra] shift experiments, reflects the effects
of temperatufe and extent of conversion as obéefved in leaves
11+3 daysaq1d. Indeed, much older leaves showedmthe same behavior.
The most hotﬁceab1e feature of Table 4 is that'a Chlide form absor-
bing at 675 676 nm -- observed by Litvin and Be]yaeva (1971a, 1971b)
at 77°C fo110w1ng photoconversion at room temperature and by
Math1s and_Sauer (1973) at physiological temperatures, and thought
to represenf an intermediate species phototranéformab]e to Ch]ide678 --
appears to be produced via a dark process fo]10w1nq the appearance
of Chhde678

To address the issue of an in vivo, photoact1ve PCh11de637
form (Kahn, et al., 1970), Fig 17 represents the d}fference (i1-
1uminated_hihus uni]]uminated) between epectra_obtained before

and after complete conversion of an intact leaf at room temperature.

C. Discussion

Wie1dihg Occam's razor is a formidable feSponsibi]ity ATl
the same, 1t is the prov1nce of scientists to do so, and this
seems an appropr1ate time for someone to heft the unqa1n1y instru-

ment. ,Thexapparent complexity qf recent spectra] observatlons
v.has been'aeeompanied by several complex, ofteﬁ:COntradictory,
attemptsvaﬁiexplanation. However, it seems poséibie to postulate
a sing]effegime of spectral shffts (and, perhaps{:even a simp]e,
qua]itative,vmechanistic_exp]anation) that wi]i;encompass most
‘of the eﬁaervations reported here and in the ]itefature._ Not
sUrprisinéiy; ih view of the authorship, this mode1 agrees with

a simple picture of a first-order photochemica17mechanism. It
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0.12 -

0.10

0.08

0.06

0.04

0.02

1 1 R !
610 630 650 670 690 710 730

| | XBL759-4255
Fig 17. The‘difference spectrum (illuminated minus unilluminated)
of an intacf bean leaf at approxihate]y ¥3°C. Ihe_photocénversioh
was aboutI9O%vcomp1ete; in the region of PCh]idefabgorption, the
shape of %he?difference spectrum dfd not depehd'upohfthe éxtenf of
photoconveYsth. The ordinate indicates absorbanqeﬁfelative tqvah

arbitrary baseline.
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a]so exp1a1ns the observation of Litvin and Be]yaeva (1971)
and Mathis and Sauer (1973) while taking except1on with the1r
mode1s;htt fails to account explicitly for the. intermediate species
observed bvahorne (1971) -- though it attempts a justification --
and canhotvjustify the pattern of CD spectra obserYed in holochrome
by'Mathjs.ahd Sauer (1972). Despite the complexity of the regime
of_spectka]hshifts.and the subtlety of the faetors affecting the
~kinetics df the dark reactions, this mechanish.ebjdres the require-
ments fohdhd]tip]e photochemica] reactions (MathiSiand Sauer, 1972,
1973; thVih,and Belyaeva, 1971a, 1971b; Thorne, 1971) or dimeric
pigment:essdciations (Mathis and Sauer, 1972, 1973) These com-
plexities wou]d not merely complicate the model; they are argued
against persuas1ve1y by ev1dence presented ear11er in this. work .
and by the;resu]ts of Thorne and Boardman (1972) and Nielsen and
Kahn (1973). Nor is the need for complex photochem1stry suggested
by the spectra] evidence.

The results 111ustrated.in Table 4 are cohststent with the
f011ow1ng meehanism (the factors that affect the k1net1cs of the

- several dark react1ons are discussed below):

Ch]ide683.v"'
hv

PChhde650 —= Chlide

678 Ch1(ide)

: 673
Chhde676

When comp]ete conversion is effected. (requ1r1nq about 3 minutes
111um1nat1on w1th the measuring beam of the spectroohotometer)
below about -15° C, Ch]]de678 is the only Ch11de»spec1es observed,

remainingdstab]e in the dark for at Teast one»hourl-d[The,Ch1ide



-70-
species absorbing at 680 nm (Table 4) at temperathes below ‘about
-20°C is taken as not significantly different from Ch]ide678.'

This arguhenf cannot be rigorously'defehded sincé,nb attempt

was made to~prove the equivalence of ”Ch]ideego and Ch]ide678.
Litvin and Belyaeva (1971a, 1971b), however, observed a 680 nm
form in fhe'absence of a 678 nm form at 77°K.'vIn’vfew of the
'structuraTICHanges thaf are likely to be induced‘ét°such Tow
temperatuke§;_it seems unwarranted to jnvoke a:héw Ch1ide species:]
At temperaturesjbetween -15°C and about -6°C, the Chlide maximum
shifts slowly from 678 hm to a stable position'at 675-676 nm.

At higher témperatures, Ch]ide678 evolves predominately to Ch]ide683
(and hénée‘£o Ch1ide673 at temperatures above ébOUt 0°C). The
shift froﬁ 678 nm to 683 nm was typically not-obserVéd above -6°C

: sinée seVeFaTQmiﬁutes elapsed between photocngerSi&n and the
recording o%vthe spectra. Similarly, no painé Wérevfakén to
document thé §hift from 683 nm to 673 nm above 0°C. These shifts
are well deﬁcfibed é]sewhere (Shibata, 1957;,Gé§smap, et al. 1968;
Bonner, 1969; and later investigators). When oh1y115-25% conversion
is effectéd; a similar picture emerges. Howeve},xthe shift from
678 nm td 676 nm is generally more rapid. The shift from 678 nm
to 683 nm COﬁtinﬁes to occur at temperatures ébbve.ébout -6°C.

At or below 1@% conversion, similar behavior is ngérved below
about 0°C,'w5th the dark shifts occurring more rapidly than at
complete éonversion; however, above 0°C, Ch]idesgj"never appears,
while the $hift from 678 nm to 676 nm (and ultimately to 673 nm)
continues to be observed. -

Although their fluorescence excitation maxima differ somewhat
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from the absorption maxima here and in most oflthe literature;
Litvin and Belyaeva (1971a, 1971b) appear to have observed the
same specfes,depfcted in the scheme above. At:jow conversion

~ (about 10%) they observe Chlide... -- their Chlide 684/676;

676
whereas, at greater conversion (>25%), they see only Ch]ide678 --
their Chlide 690/680. In their view, Chlidec,¢, owing to its

early appearance at fractional conversion and ttsfrelative stability,
falls between PChh‘de650 and Ch]1de678, and they further postulate
that Ch1ide6?6 is converted to Ch]1de678 by a second photochem1ca1
reaction‘i The scheme illustrated above, however, will explain the
observat1ons of Litvin and Belyaeva (1971a, 19715) if, at 1ow
fractional convers1on, the dark shift from 678 nm to 676 nm 15'
presumed t0'have occurred at or near room temperature before they
recordedvtne_iow temperature spectra. On the contrary, the Litvin
and Belyaeva scheme cannot explain the observed darkbshift_from.

678 nm to 676'nm (Tab]e 4). Litvin and BelyaeVa a1So distingoished
on ‘the bas1s of fluorescence emission max1ma between the term1na1

species obtalned from Chhde67 and that obta1ned from Ch11de

6 683
(their Cb]fde'695/685). The experiments descr1bedvhere1n cannott
(It is wortnbeMphasizing again the disparity between'the f]oores-
cence_exoftation wavelengths observed by Litvin_andegelyaeva'at-
77°K,and'the'absorption maxima observed at or near'roonrtemperature.
At Tiquid nttrogen temperature, the species thatvikidentify as |

: Chhde678 appears to absorb at 680 nm, Ch1(1de)673 at 670.nm, and
Chlideggs at 685 nm. )

Math1s and Sauer (1973) also postulate a two- photochem1ca1-

reaction p1cture in which Chhde676 precedes the appearance of
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Ch]ide678. :
the first-observed species at fractional conversion near 0°C.

Their evidence is the appearance Of-Ch]ide676 as

(For similar observations, see results for 5.8°C in Table 4.)

However; as With Litvin and Belyaeva (1971a, 1971b), they do

not directiy observe the snggested photochemicaT'reaction Chh‘de676
Ay, Ch11de678. The present scheme argues 1nstead that Ch11de676
is the resu]t of a dark shift readily observed on]y below 0°C.

This v1ew can encompass the observat1ons of Mathls and Sauer,

dark

their hypothes1s cannot exp1a1n the shift Chhde678 Chlide

676
observed be]ow 0°C.

It isfalso important to observe that the results illustrated
in Figs 7‘and’8 demonstrating the constancy ot CHdee fluores-
~cence y1e1d dur1nq the course of photoconvers1on in homogenate
and et1op1ast preparations, argues against a d1st1nct intermediate
_ Chlide species in the photoconversion reaction.-.These results
would redniré that such annintermediatevexhibitethe7same fluores-
cence y1e1d as the terminal species (Ch11de678) A]ternat1ve1y,
to preserve the two reaction hypothes1s in 1ntact tissue, it
would be necessary to arque that the complexity of the mechanism
disappears in*holochrome and et1op1ast preparat1ons The prin-
ciple of Occam s razor seems not well served by e1ther unlikely
exp]anat1on.. |

The:fntermediate form observed by Thorne (T97i)iis, however, . ~‘:
a more d1ff1cu1t matter. Following conversion ot about 5% ot
the PCh11de 1n an intact leaf at room temperature, Thorne observed,

at 77°K, a spec1es with a fluorescence exc1tat1on maXimum at 668 nm.

This observat1on is unchanged if the converted leaf is left in
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darkness at room temperature for several hours before the Tow
temperature spectrum is measured. This contraets with the obser-
Qétions;Of-Litvin and Belyaeva (1971a, 1971b),tMéth%s and Sauer
(1973), ahdlthis work, where such experiments pfoduce a terminal
species [Ch](ide)673 in this. work, Chl 6757670v1n'L1tvin and
Belyaeval]. I am therefore tempted to suggest that:Thorne's
intermediafe is in fact identical with the termiha] species
Ch](ide)é}éﬁff a result of-a de]éy between i]]dhihation at room
temperafdreiénd effective cooling of the samp]e.'fThis time delay
could be sufficient to allow the spectral,shiftvffdm 678 nm to
676 nm to‘673’nm (see, for supportive evidence;:Mafhis and Sauer,
1973). The“disparity between 668 nm and the 1dngef wave]enqths
observed by other investigators can be accounted for on]y by the
Tow temperqtures employed by Thornef [It is 1nterest1nq -- if not
'i]]uminatfng_-- to notice that, a]theugh they both measured spec-
tra at 77§K:'Litvin and Belyaeva (1971a, 1971b) ahd'Thane (19771)
cannot agree on f]uorescence excitation maxima. Thorne S maxima
are genera]]y sh1fted about 2 nm to the b]ue except for his |
Ch1FE672 -= red-sh1fted from Litvin and Be]yaeva-s Ch] 683/670. ]

| In summary, it appears that models 1nvo1v1ng two consecut1ve.
photoreact1ons (Litvin and-Be]yaeva 1971a, 1971b Thorne, ]971
Mathis and-Sauer 1973) arose from the mis1dentif1cat1on of
Ch]ides76 or Ch1(1de)673 as intermediate species. between PChhde650
and Ch11de678, rather than as spec1es produced f0110w1ng the
vappearance Qf Ch11de678. Th1s m1s1dent1f1cat1on seems to have
"~ arisen 1ér§ely ffom the_speed of the dark sh1ft$ from 678 nm to

shorter wavelengths in fractionally converted samples near room
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ﬁemperafﬁre. Whether the Ch](ide)673 specie§ peruced from
Chh’de676 is identical to that prbducedvfrom Ch]idé683 is unclear.
The work of Litvin and Belyaeva (1971a, 1971b) énd.Thorne (1971)
suggest not;‘at least when subjected to Iow temperatures; this
work leaves the question open. -

It remains to comment on the observations of Kahn, et al.
(]970).:.Iﬁ-intact Teaves, difference spectra suth-as that
reproducéa'ﬁn Fig 17 demonstrate that only a single form of PChlide,
with.an-absdfption maximum at 650 nm, isﬁphoto¢6ﬁvérted to Chlide.
Therefofé,ft'seems Tikely that the photoactivetPCh]jde form.ab-
sorbing at;637 nm seen by Kahn and coworkers wéstan artifact of
the Tow fémperatures employed during measuremeﬂfé; _Disrupti0n
of the nétive tissue (such as in the preparatioh of:a soluble
holochrome prebaration) frequently results in sﬁch;a blue shift.
Butler and Bfiggs (1966) made similar observations during freezing
and fhawing; The conclusion by Kahn, et al. (1970) that energy
tfansfeerOésznot occur at room femperature.be£Weeﬁ'PCh1ide637
and PCh]idééSo does not, fortunate]y, rule out the_poésibi]ity
of energy transfer among PChlidegg, molecules onﬂé_angle native
protein (df, for that matter, among PChh‘de637 moiequles on a
single déndtufed protein). ”

In sUﬁmafy some generalizations may be attéhptéd concerning .
the severa]'spectral.shifts observed in intact,tissue. Most
importantly, only a single, elemental shift (PCh]iQeGSO-————+
Chlidego) can be clearly attributed to photochemistry. Other
observed‘épe¢ies'appear to be the products of dark feactfons.

The kinétics of the shift from 678 nm to 675-676 nm shows,
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at physio]ogfca] temperatures, much 1essItempefature’sensitivity
than subseduent dark shffts. Between about —15§C'énd +2°C, in
samples wﬁeke less than 10% of the PChlide wés c6nVerted, this
shift goes to completion in 15-20 minutes; above 2°C, it occurs
with increasing rapidity. In completely conVertéd.samp1es, this
shift occufs more slowly: at -11°C, it is compTeté oh]y after
about 50 minutes. | |

vThorné_(]971) illustrated the temperature déﬁéndence of the
dark shififfrom 678 nm to 683 nm (his shift I11) by monitoring
the associated change in fluorescence yield. His study agrees es-
: sentia]]y with the observations presented herefn;s Be1ow about
-7°C, this shift does not occur; instead a b]ue‘Shift is observed.
Near O°C; this shift competes effectively with tHé'shift'to 676 nm,
resulting (at‘least when more than 15% of the pighenf’is photo;
converted) in absorption maxima at intermediate wavelengths =--
681-683 nm;'j(See also the results of Mathis.and Séuer, 1973.)
Above 0°C, the shift to 683 nm occurs effectivéTijithin 3-4
minutes in gbmp]etely converted tissue. At fraéfidna] conversion,
,howevef,'fhe shift does not occur; the shift t6:676 nm (and ulti-
mate]yvtd.673-nm) continues to be observed. | |

Perﬁapéiit would be permissible, on the basjs‘of these

observatidﬁS;ito toy with some qualitative pictures-of the nature
of the shifts:to 683 nm and to 676 nm. One mighf'visua1ize por-
tions of}the etioplast membranes as fairly'denseiy.populated with
PCh]ide,pigment—protein‘comp1exes; It is possible;gtheréfore,
to imagine fhat the extent of photoconversion mfght_(owing, say,

to steric interactions among the photoactive siteé) have an
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effect on the thermodynamics and kinetics of the aveilable relax-
ation proeesses. This possibility wi]] be expToited in the
ensuing disoussfon. _

The assumption thaf the shifts to 676 nm ano‘683 nm following

photocohversion may be characterized as Iv'relaxétion" processes
implies th?t\ﬁ]]umination produces Ch]ide678 eXiStjng_in a some-
what stra{ﬁeo relationship with e'holochrome proteﬁo designed
to aCComodete-PChlide650. At temperatures above about 0°C, and
if photoconVersion is extensive, a thermelly indoCed relaxation
occurs ih-which the Chlide absorption maximum shifts to 683 nm.
At 1ower'temperatures, the "relaxed" 683 nm state of the Chlide
pigment beeohes kinetically unavailable, perhaps beeause of mem-
brane or:protein rigidit& induced by ice formatjon,r With each
ho]ochrohe eonstrained to remain in a largely oative state, some
local conformétiona] change at the enzymatic siteiof photoconversion
would beVTeft to produce the shift from 678 nm to 676 nm. (While
thfs shift might ref]ect‘a relaxation of tertiéry sfrain in the |
protein, it:oroduces a blue shift in the pigmeht'absorption
maximum.)"Presumably, this 1oca1,conformationa1 cHange is avail~
able above 0° C but is not kinetically compet1t1ve with the red
shift to 683 nm. '

At fractiona] conversion (about 10%), a somewhat different
picture emerges the re]axat1on to 683 nm is not observed It
is suff1c1ent to explain this observation merely to propose that
the sh1ft_to.676 nm becomes kinetically more v1ab]e as the extent
of photocooVersion is lessened. (Somewhat broaaTy; we may invoke

steric considerations. Macroscopic allusions are attractive, but
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perhaps not illuminating: one or two of a great many upstanding
dominoes on a small table top might be easi]y.ffpped onto their
faces, whereas to arrange all of the dominoes facedown on such

a delimited surface might require more time and”effortﬂ) This
increasing kinetic favorability is reflected nbt'qnly in the
‘disappearance of the 683 nm shift in fractiohal]y converted
samples aboVe 0°C (now losing rather than winnfhgithe kinetic
race), bUﬁ also in the greater speed of the 676inm shift in
fractioné]]y converfed tissue compared to comp]été]y converted
tissue at temperatures below 0°C (see Tab]e 4).

Final]y; one attractfve, but unneéessary, additional ex-
,p]anatioh fﬁf the disappearance of the 683 nm relaxétion in
fractiona}1y.converted tissue above 0°C argUes;thét the 683 nm
state becémes thermodynamical ly unfévoraﬁ]e in such cases. With-
fewer thaﬁ 10% of the pigment molecules converted‘to Chlide, one
can imagine this relaxation being inhibited by the_Targe popula-
tion of remaihing PChlide molecules -- quite cdhtent with the
membrane‘qr protein as it is. Each ho]ochrome de]d then be
thérmodynémfca]]y constrained to remain in a lakgely native state. :
Only the 1§c51 conformatfona]-changes leading to'the'676 nm shift
could OCCQEL As mentioned above, however, this ekp]anafion is
possib]eﬁbut not necessary: the kinetic argumentS‘hécessary to
exp]ain'the fé]ative velocities of the 676 nm shfft in fractionally
‘and comp]e;é]y converted samples below 0°C takeicare of the

phenomena above 0°C as well.
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V. CONCLUSION

The“resu1ts of the experiments described in‘the preceding
pages aré'consistent with a simple exp]anation.df_the photochem-'
ical conVéFsion of PChlide to Chlide. In this cbhé]uding summary,
I shall feView this model. It is also important; however, to recé11
the expefihéhta] resu]ts'bf others that do not fully support |
thévmodel pfoposed herein. To the extent possibTe,'these con-
vf]icting‘rééuIts will be reconciled. I shall ﬁlace_épecia1 em-
phasis oﬁjthe differences that remain in the hope thét such con-
siderationfhight improve the aim of future researchés. |

The présent study has centered on Ho]ochrome'preparations .
from bean.  Each pigment-protein complex in such‘preparations
appears to contain at least four aggregated pigmehf molecules. The
photoconyersion of PChlide to Chlide is intrinsf¢a1Ty first order;
theré is“n6 éyidence of intermediates. The phdtbchémistry is,
however,'cémplicated by the competing possibi]ity'of efficient
energy transfer from PChlide to Chlide. . Eneréy trahéfer also
occurs effitient]y among PChlide molecules and amanJChlide mole-
cules. There is no evidence to suggest that théée éharacteristics
should not:bézextrapolated to intact bean 1eaves;.fh§ugh, of
course, ag&fegate sizes and the relative efficiéncieé of fluo-
rescence,*fntérmolecu]ar'energy transfer, and photochemistry
might be expeqted to be different from that in holochrome. In
ho]oéhnome éreparations of barley (in g]ycero]),vsome differences

were noted:  energy transfer from PChlide to ChTide,did_not
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compete effeétive]y with the photochemistry, and the minimum
pigment groﬁp size was three. ”

The following contrary, and seemingly cohtrary, results of
other investigators can be divided into three catégories: (1)
studies'of_the stoichiometry of pigment-protein comblexes and
studies of pigment group sizes in vivo, (2) ev{dénce of photo-
chemi cal intérmgdiates, and (3) evidence of noﬁ—first-order
kineticsg S

Schopfef and Siegelman (1968) identified th’species in a

purified PCh]ide holochrome preparation -- one.withvmolecular

- weight 300,000 and a second with molecular weight.550,000.

Based on the ratio of pigment to protein, they cohc]uded that
the 1argef spécies contained two pigment molecules. [This species

is apparently'that obtained most frequently using procedures

‘comparable to those described in this work (see Smith, 1960;

Boafdman, 1962a).] This result is not consisteﬁt_with the results
depictediiﬁ'Fig 9 which demand four aggregated-pigments to explain
the obserVédjf]uorescence depo]arization. Thefe'éeemvto be two
plausible égp]anations: (1) the preparations Qéed_in fhe experi-
ments ofvthezpresent study differed substantiaT]y,from that of
Schopfer'ahd Siege]mah --.thié would not be surpriSihg iﬁ view

of the c0nsidérab1e pains thé latter investigatoksﬁtook to

puri fy theit'éamp]é; (2)uthe preparatioh of SchOpfer and Siegelman

(despite‘theif pains) contained a contaminating?protein that

artificially lowered the pigment:protein ratio ---suggestive

~ support comes from Kahn, et al. (1970), who repbftédsfour pigments

per ho]ochrome protein, and Canaani (1975), who reported at 1éast
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two pigment.molecules on each 300,000 dalton subunif'(hence,
presumably, four on each larger unit).

Baged.on the extent of excitation transfer at 77°K, Thorne
(1971) cdhc]nded that at least 20 pigment molecules were associated
in vivo. fhe analysis that led to this conciusfdn:is rather
unclear; hohetheless, it does not contradict the findings reported
above for hqidchrome preparations. |

Evidehte for the existence of a photochemi¢31 intermediate
in intact'ti;sue has been presented by Litvin éhd Belyaeva (1968,
1971a, 1971bj, Thorne (1971), and Mathis and Séuér (1973)

As discqﬁéed.earlier,/each of these studies repOkted a new spec-
troscopiclspeciés following fractional photoconvefsion at physio-
logical temperatures. No direct evidence was presented that the
new speciesiﬁhderwent further photochemistry.  The éxperiments
depicted in'Table 4 provide suggestive evidence that the newly
observed species are not photochemical intermediates, but rather ' |
are spectféﬁ forms produced by rapid dark proceéses following -
photoconversion. Fortunately, therefore, the results reflected in
Table 4 ahdbthose of Litvin and Belyaeva (1968, ]97fa, 1971b),
Thorne (1971), and Mathis and éauer-(]973) are notlirrecon-
cilable; the'proposals of a photochemical intermediate seem
rather to héVe arisen from misidentification of'the new species,v

an error due to the rapidity of the dark reactions. above 0°c. . N

‘Mathis and Sauer (1972) concluded from CD spectra of bean |
holochrome breparations that PChlide pigments (prior to photo-
conversion) ahd Chlide pigments (following photbtbhversion)'are

associated as dimers. Further, by following the evolution of |
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the Chlide CD spectrum during photocdnversion,'they.produeed
evidence:that the transformation occurs in two distinct steps,

thus:

PCh1i de- PChhde MV, pehiide-Chlide s Chhde Chlide
where the heterod1mer and the true Chlide d1mer are d1st1ngu1sh-
able spec1es This notion is 1in serious conf]lct w1th the model
proposed in the present study and cannot be readt]y»reconc11ed
with otherhobservations Contradictory'eVidence ihd]udeS' (1)
the presence of an isosbestic point between PCh]1de and the earliest
observed f1na1 product [generally reported for a]] preparat1ons
' since Sh1pata (1957)]1, (2) the constancy of Ch}lde fluorescence
yield during'photoconversion (Figs 7 and 8, thisIWQrk), (3) the
absence of'variation in the shape or position ot the.Chlide
absorption: peak during photoconversion (Mathis and‘Sauer‘ 1972),
and (4) the apparent adequacy of a first- order formu]at1on to
explain the k1net1cs of the photochemistry (Thorne and Boardman,
1972;‘Nie1senhand Kahn, 1973; Vaughan and Sauer; 1974; this work).
" The notion'of excitonic interaction, demanded hy.the.observations
of»compTeksCDfspectra, is inconsistent with these“observatiOns.
“This substant1a1 conflict appears to be the only. remaining d1f—
’f1cu1ty between the model proposed in this work- and the observations
of other workers.

Smith and Beni tez (]954) and Boardman'(1962b) exp]ained
- the superf1c1a11y complex kinetics of the photoconvers1on as second-
order and sum-of-two-first-orders, respect1ve1y. It has now been

conv1nc1ng]y shown, however, that the perp]ex1ng k1net1cs arise
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'from intérmd]ecu{ar enérgy transfer competing withlintrinsically
fi?st-order photochemistry.(Thorne and Boardmah,;1972;bNie]sen
and Kahn,.1973; Vaughan and Sauer, 1974; this Work). Again, it

is not the observations, but rather the conc]uéions; of the

earlier workers that are in conflict with the current interpretations.

A number of questions remain to be answeredfbefore science
can c]aim evén a passable understanding of the phototransformétion _
of PChlide to Chlide. To point to a few: What is the nature
of the réductant? the mechanism of reduction? What is the origin
of spectré]-differences among these pigments in éo]ution, in
native tissdé;-and in holochrome preparations? Wﬁatvare the
origins ofbthe postQillumination spectral shifts?"éven more
1mmediate,fﬁoﬁéver, is the unresolved dilemma fostered by the
complex CD spectra observed by Mathis and Sauer (1972). The
'reconci]iatioh of these observations, suggesting excitonic inter-

action among;pigments, with those imp]yihg dtheanSeilies perhaps

as much in,the:province of theoretical model making as in that

of experimental spectroscopy, and should broadly 1ncreasé our ' .

understanding}of pigment interactions in photosynthetic tissue.

‘But thatvis work for other hands.
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APPENDIX 1

The Ch]ide emission represented by the curve labeled E650
in Fig 3 has two components. These arise from the fact that both
PChlide and~Chlide absorb at 650 nm. The first Component is

that port1on of the emission produced by d1rect absorpt1on by

“Chlide at 650 nm; this component presumably fo11ows the same

time course as A678 or E670 (see text and F1g 7) : Thevsecond

'component is_ attributed to emission produced by 650 nm excitation

of PCh11de the excitation energy being subsequent]y transferred

. to Chlide. (The small absorpt1on by inactive PCh]1de at this

wavelength, ‘even if it results in energy transfer to Chlide or to
active PCh11de does not affect this treatment. ) _Therefore,

at any point during the photoconversion the 1ntensiiy, per unit

~energy absorbed, of Chlide emission owing to absorptfon by PChiide

is proporffona] to(Eggq - 670)/A2§8]1de, where Agggl1de_1s the

absorbance of PCh]1de, and, at lTow absorbances, is proportional
Chlide

.to the energy absorbed by PChlide. Likewise, E670/A650 is

proport1ona1 to the intensity, per unit energy absorbed of Chlide

em1ss1onvow1ng to direct absorption by Chlide. Therefore,

PCh1ide

_ (Egso = Eg70)/Ageg

t- Chlide
: E6707/Res0




-84~

- Chlide
_ (Eesg - Eg7g) . %650 [Chhde]“
- Ee70 eech 19 [PChTide]

is the ratib of the efficiency of excited PChlide in promoting
Chlide emission to the efficiency of excited Ch]ide in producing

Ch]ide-emission.' Hence, E, is the extent of energy‘transfer from

PChlide to Chlide, expressed as a fraction of the total excitation

absorbed'bnyCh1ide. The values for Ey

(where n@fCh]ide emission owing to PChlide absbrption is observed)

can range between zero

and_unity'(where PChlide absorption is as efficiént;as Chlide absorpQ'

tion in stimulating Chlide emission).
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