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@, Tollin, B. Pujimori and M: Calvin
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July 1958

The discovery of the delayed 1ight emission of plent materiels by
Strehler and Arnold in 195)% hes stimilated & good denl of interest in
thie rather remarksble property. The emitted light has been shown to be
memmelemmomenmmmfmmw;mm
of chiarophyll and the ground state.2?3 At roca temperature; s luminescence
18 obeervable from about 0.0l second’ to aeveral mimutes’ after excitation.
Thus, the electroniec transition cennct be rate-determining and the process.
represents neither normel flucrescencs nor normal phogsphorescence. Indecd,
mtsmeﬂdmeehﬁmwedﬁwmofmthmm

b

resultant of more than one rete-limiting process. Strehler and co-workers o7

# The work described in this paper was sponsored in part by the United States

 Atomle Evergy Commission and in part by the Department of Chemistry, Unlversity

of California, Berkelsy, Californis.
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have bveen eble to demonstrate the existence of many relationships between
delayed light emtesion end photosynthesis and thus have been led to interpret
mlmmmmwammvﬁmmmiutyormof
the engymstic photosynthetic reactiocas. However, Tollin end Calvin® have

shown that the faster decaying compoments of the delsyed 1ight are present .

‘%ashwat@wmwslﬂG“c;Wthmem

following light-edbsorption are mon-enzymetic in natwre. These latter cboor-
vations, in conjunction with several other types of experimental and thecretical
infamatm,g:ls have suggested en interpretation of the physical préocesses
leading to delayed Might emission, and, by snslogy, to photosynthesis; ia
Serms of semiconductor theory, 6s17:18 |

The cerlier investigations in this lsborstory>*C heve been limited to
the study of the light emitted epproximately O.1 second after excitation by
& flash discharge. The recent reports of luminescences at still shorter times
after excitation'?!d have prompted the comstruction of & device capeble of
continuously observing the light emission of a emle.of plant material from

. 0.0015 second to ehout 30 seconds after the onaet of flash excitetion, The

pmentmkdeseﬁbesaeeﬁesofmeﬁmtsmﬁeﬁwtwﬂh&iawm;

The chloroplast msterial was prepered as outlined previously.’® Chlorella
and Scenedesmus were grovn in contimuous culture in our lodboratory and ssoples
were prepared for the luminescence measurements by centrifugation of & suse
pension of the algae to obtein a relatively thick paste. In general, weasures
ments were begun within 10 minutes of harvesting.

A bloek diaegram of the gpparatus used in the experiments ie¢ chown in
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Pilgure 1. Counceptually, &t 15 quitc similar to the spparatus described
mw6u®mmmmmmmmmgmmu
memm.‘mmmwesa"ﬁmm@of&e
photamiltiplier (Dumont E-1292) during the exciting light flash through
the gpplication of 8 voltage pulce to the first two dynodee and the ehield
viaieh results in s reversal of their polarity with respect to the photoe
cathode., This serves to prevent most of the photoelectrans liderated st
the cathode from being multiplied in the tude. The durstion of this gating
pulee 1s continuouely varieble from e few microseconds to ebout 5 milld-
geconds and thus may be matched to the durstion of the flash. The gate is
also uvsed to start the sweep of a Tetronix 514D cathode-ray oscilloscope.
A delay of ebout 500 microssconds is introduced between the beginning of
the gating process and the "triggering” of the flash to allew the gate to
vecame fully operstive before the light commences, Thus, this arrangement
pernits the onset of the observation of the luminescence to begin in o time
limited only by the duretiocn of the flaash excitation. The flashtube used
in the experiments 46 the General Blectric PT«230 which has the sdvantage
of cosbining & relatively short duretion (sbout 1.5 mtlliseconds wnder the
conditions of luninescence messurcment) end a amall souree size (spherical
with & dlaneter of ebout 4 mm.) with & reasonsdly high light intensity in
a suitsble wavelangth range. The fiashtube 16 operated at 2000 volts with
& 32 microfared load capacitor. The triggering system is stendexd. ALl
electrical lecads ware kept as chort as possidble to achieve optimm pulce-
transmission characterietics.

In sumnary, then, the sequence of events in & meesurement is as follows.
A push button activetes the photomiltiplier gete end sirmultanecusly triggers
the oscilloscope sweep. Pive hundred microseconds lster the flash s fired
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and 1.5 milliseconds efter thie ocowrs the gate twns off and the photo=
mitiplier 1s then realy o observe light fram the samle.

The exciting Aght is focused onto the samle through a filter system
consisting of e Corning Fo. 5113, a Corning No. 4303 an? a Corning epecial
infrered filter. This combinetion pacses o bend of light of wevelengthe
between 3700 X and 4700 R naving o maxtmm ot sbowt 3150 . A Corning Fo.
2030 and another Corning special infreved filter ic placed between the semle
exd the photomultiplier. This letter SO filter systen allows only those
vavelengths between 6500 & end about 9500 § to reach the photemitiplier. Such
an ervengement of filters minimizes the light from the flash Gischerge whdch
18 incifent vpon the photomitiplicr Quring excitdtion, although it by mo
mecns completely eliminstes the sosttering problem. However, 5o treusiént
phenonens or seturation effects in the photomltiplier respomse are observed.
The geometrical ervangement of exciting source, saxple and photomaltiplier 1s
mmwemwmmmﬂm.s

The photommltiplier enode 18 supplied with e 2 megohm load resistor und
the voltage developed across thls reststance is fed directly into a Ssuborn
stobilized D.¢. precmplifier (gain = 1000). The preamplifier in twrn feeds
the oscilloscope; & Banborn Model 151 recorder and a Lecds and Northrup
"Spectonax” recorder. The photomiltiplier 1s normally opersted at 1300
volta.

For the measurcmant of the quantum yield of the luminescence the photo-
m&;puwmwimte&mmgl?mmw“nafstmmmda
bolometer. The photemiltiplier then was used to measure both the light
inctdent on the sezple from the flash and the light emitted from the sample.
It was ossumed that a1l of the light reaching the saxgple wes abscrbed. Buch
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en sssumption is probably quite satisfactory inasmuch as the sauples used
wére adimost black in sppearance. Appropriste corrections were gpplied for
the filters, for the gecmstry of the system end for self-sbsorption in the
smlg; mmsammfwmmymﬁmn@memﬁm
between 0.0015 mwﬁ@g@mwn&saftwem%aﬁmmmbabiy securate
only to within a factor of 2 or 3. Purthercore, the yleld is too lov in
terms of total light emitted fnasmich as we are wnsble to detect emiesions
of duration longer then 30 seconds or shorter then 0.0015 second. It is
unlikely, hovever, thet inclusion of this energy would retse the qusatus
memmbymmammofmmmmmwm“n{
sitive quantum counting devices eve needed to observe the longer term
entosions’ end the present results indieste a steedily decreasing quantunm
Vield 85 one goes to shorter times after cxcitation (see below).

Bome typical decey curve deta obteined from Chlorells at 21% are chown
in Pigure 2. All of the results presented in this section have been obtained
from daota of this type by an evaluation of the luninescence intensity at
verious times after cxeitation. It is epparent that the signel-to-noise
ratioiagmerallywiﬁegooﬂmﬁﬁmsfmlym&ewymmm
caleulated. _

The results of the quantum yield messuremente for vhole spinach chloro-
plasts, Beenedesmus end Chlorells are shown in Tsble 1. The votal light

emigeion from different samples of the came orgenien shows coms vardation
in intensity, presumsbly @ue to differences in the physiologicel state of
the materisl., However, this rarely amounts to more than a factor of two.

Swm‘mdwmlmrepmafWQofmdéférmratioofﬁm
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‘quante emitted by Chlorells suspensions peer the beginning of the observed
decsy ewrve %0 the quenta ebsorved. The guantum yields reported ip the
present work ore consistent with this member,

Scenedesmus end Chlorells is given in Tsble 2. The choice of time renges is

somevhat srbitrery. It is seen that the elgne give a much higher ebsolute
yield of luminescence then do the chioropiasts (see elso Table 1) and that
this higher yileld l¢ wmeinly due to & 41

slovly decsying 1ight obtained from the former as compured with the latter.

s are, in fect, quite similar,

The decay curves for Chlorella end for Scen
essentially differing only by a écale factor.
In Pigures 3, & anf 5 end Tobies 3 end b are given the results of ex-

periments in waich the luminescence of spinech chloraplasts end of Chlorelle
are studled a8 o function of the tempersture. It 18 epparent that the
ence of the light emission in both types of material is

quite complex. Furthermore, st no tempersture can the decay cwrve be rep-
resented by o simple kinetic expression (either untmolecular or bdimolecular).
The most striking chenge unon cooling in both materials is the falrly rapid
changeover from a decay curve in which most of the light is emitted in the
longer times (greater than 0.1 second) ¢0 a decay curve in which essentially
6ll of the emission deceys repidly (see Tables 3 end 4, Colum b). Another
change of interest is the general (although not quite monotenie) incrense
in the ebsolute intensity present in the faster components as one cools to
intexmediate temperatures, followed by a decresse in this intensity ws one
cools still further (see Pigure 5). This effect is particularly large in
spinoch chloroplests and results in sn almost threefold inerease in the
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total integrated intensity obtained at =35°C as compared with that obtained
at 21°C (see Table 3, Colvm 5). In Chlorells, it sppears that whet would
otherwise be & peak in totel integrated intensity at intermediste temperstures
1s masked by the rapid decresse in the intensity of the slowly decsying
-3ight (vhich represents a much larger percentege of the total iatensity in
Chlorella then it does in chloroplasts). This results in a momotonic Gecrease
in the total integrated intensity with the suggestion of a possible maxiamm
appesring as & leveling-off at intermediste temperatwres (see Teble &,
Columm 5). It 1s of interest thet the maximum of the festest component

comes &t a higher tempersture in Chlorelle than it does in chloroplasts.
Experimants involving the use of various filters between the sample
and the photomultiplier demonstrate that the emission in the first few
milliseconds after excitation hes the seme wavelength distribution es do
theslomemmts3 (f.e., emigsion is ocarring from the first excited
singlet state of chlorophyll) at both 21°C and et -170°0. This 15 e further
fndtcation of the failure of the triplet gtate of chlorophyll to emit,d
slthough it may be involved in thie sequence of events lemding to luminescence.
In Figure 6 the decay curves for spinach chloropleste end for Chlorells
at 21°%¢ and at -165°C are plotted as log iuteasity ve. time. The low tame

18

persture curves for both materials are quite similar in shepe. It 48 possidble
to interpret these curves as being the resultant of ¢two unimoleculsr Jumie-
nescent procesges having bhalf-lives of about l-2 milliscconds and abeout 30
milliseconds, respectively. The validity of such an intorpretation is, of
course, open to same question. However, it {s of interest that as one ap-
proaches these low tosperatures the changes in the luminescence for & given
temperature increment beocome progressively smaller and, in fact, the decay



between -126%C and -168°C. This would euggest a corresponding

in mochenism.

Pome interesting effects are obtained 4 one allows the saxples to age
wwmmmminwaaﬂ:mmwmm; A typical result is
choun in Teble 5. A marked decioase in the totel integreted light tntensity
1sebawrva&aﬁwaomsofayagmﬁhtmmmmmtsmmmm
40 & mch grester extent than the faster ones. The material 1s quite dry and
hard &t ¢his time. If one rewets the sample with a Grop of water oue cen
achieve come resctivetion, Howsver, the percent of the origimal intensity
present eftsr wetting is much greater for the faster cunponsunts then for the
slower omes. Even after ss much as ten deys of sging, the fost decays sre
nmmmaﬁmmmzmmnofmmwummzm.

PISCUSSIOoN

observed in the present experiments for delayed light emission cen be a reflection

of on underlying mechonietic sigplicity. Indeel, the general festures of
the changes in the luninescence decay awrves upoh cooling msy reedily be

28 for qualitatively by postulating e series of efither parallel or
sequential rete-liniting processes as constituting the basic kinetic pattern
of the luminescence phenomemon. Buch a complicaeted sequence of events lesding

©0o en slectronically excited chlorophyll molecule is consistent with whet
ie known ebout the photosynthetic pathway and about metabolie processes in
general.
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In terms of the sbove pieturs, ome ¢en explain the inerease in the iu-
tensity of the faster light emiseoions at intermediste terperstures ag belng
dne éither t—o the undetected préseme of still faster decay processes of
hi@yieldmse rates ere decreased upon cooling or to a "freczing-cut” ef
the slover mechanisns with & corresponding inerease in the amount of emw
being emitted in the fagster processes. It 48 not possible to say which of
these points of view is epplicadle to the present situatmn:‘ The roticnsle
for the subsequent decresse in intensity upon further cooling is obvious,

. The most significant result of the present study fs the observation of
& substantlsl luminescence Gecay et temperatures sa low as -170°C. This
strongly suggests that the basic mechsmiems of the early processes following
light absorption do not involve the migration of atomic nuclel and tﬁus are
purely physical. This 18, of course, quite cansistent with the general features
of the semiconductor mechenism proposed em-nm',’ls’n’la According to this
hypothesis, the pathway of the light quentum may be depicted in terms of the
following scheme (for simplicity, the triplet state of chlorophyll has not
been fncluded in the segnence)s

7 » ionization :
lorophyld” 54 chsrge carriers
(first excited <~ (electron and hole)
einglet stete: recombination
exciton) 1: .
A epceptor treps
7 @ ; engynatiec
+hy «hvy " w 3 ,
i\ 3 enzymstic

chlorephyll gtable chemicals
(ground state) (von-radicals)



-11 - UCRL-8293

If one grents the validity of separating the -170°C decay into two components,
one could identify the faster of these decays with a charge carrier lifetime
ani the slower decey with the emptying of a shallow trapping level. Both of
these proéeeses'ahould be relatively temperature-independent over the range
studied. It is striking thet the time constant of the slow decay (v 0.03
second) ie of the same order of magnitude as those observed for: (a) the
minimum dark time for photosynthesis by Chicrelle in flashing 1ight by Emerson
and Arnold,’C (b) the corresponding derk time for the Hill resection in
Chlorella by Clendenning and Ehrmantraut,” (c) the decsy time in Chlorelle
. for ebsorption eépectra changes at 5150 R by Witt?2 ang (8) tre minimum dark
time for oxygen production in the Hill reection in Scenedesmus in the presence
of thioctic acid by Bradley and Calvin.>! Such a correlation would argue that
"the rate-limiting step in these ﬁroceases is phyéical rather thén enﬁ&mgtic;

The faét fhaé elgese yield a much greater light intensity in tha ai&w
decays than do chloroplasts is probebly a consequence of the partial removal
of enzymes and smaller molecules in the preparation procedure. This suggests
chemical transformations as the rate-limiting steps of the slower components.
An explanation 15 thece terms would aleo be consistent with the large temper-
‘ature coefficient of these components as obgerved in the cooling experiments
(Tables 3 and 4), with the aging experiments (Table 5), and with the results
of Strehler and coauorkera.h’7

The extremely low quantum yields observed in the presant experiments
arc in accordance with the interpretation of deleyed light emission as an
indication of the reversidbility of st least part of the photosynthetic path-
-;way. These low values are probsbly a reflection of the high efficlency with

which the absorbed quanta pass over into the chemical processes involved in



-2 - UERL-8293

photosynthesis. It is interesting to note that the much higher guantum yleld
of fluorescence™S (v 10°2) sugaests s considerably lower order of efficiency
of quantun conversion for the earliest physical steges.

SUIBARY
A device has been constructed which 18 cepaedble of recording the decay
curve of m plent lwninescence from 0.0015 second to epp:

ceconds after excitation by o flmsh discharge. Absolute quantun yleld
nessurensnts of the emitted Mgt give values of the order of 10°° for
Chlorells end Soenedasmus and 10”7 for epinach ch
~wemmmﬁmmmwmwwmmﬂmuamm
of photosynthesis. The luminescence hes been found to exhibit an extremely
complex tenpeveture-dependence which is suggestive of a multiprocess mecheniem,
| A substential luminescence decay 18 maewable at temperatures as lov ag
«170°%. This 1o interpreted as damustrating thet the early processes follow-
ing light sbsorption are physical rether then engymatic, EBvidence is pree-
gented to support the comtention that the later steges of emlssion are of

en enzymatic nature. At all of the temperatures jnvestigsted, the luide
nescence originates in the first excited singlet etate of chlorophyld.:

The suthors vith to express their appreocistion ¢o Mr. Fred Vogeleberg
of the Radistion Leboratory for his invelusble ssslstence in eetting w the
apparutus used in this work, !



l..

2.
3.
b,
5
6.
Te

.9,

10.

i7.
18,

-13- UCRL~8293

B. L. Strehler snd W. Arnold, J. Gen, Phystol., 34, 809 (1951).

W. Arnold and J. B, Davidson, J. Gen. Physiol., 31, 677 (1954).

G. Tollin, E. Pujimori end M. Calvin, Natwre, 181, 1266 (1958).

W. B. Artbur end B. L. Strehler, Arch. Bilochem. Biophys., JO, 507 (1957).
B. L. Strehler, Arch. BPlochem. Blophys., 34, 239 (1951).

. Tollin end M. Calvin, Proc. Hat. Aced. Bci. U.8., 43, 695 (1957).

B. L. Stréhler in "Research in Photosynthesis,” Proceedings of the
Second Getlinburg Conference on Photosynthesis of the Hational Research
Council, October 25-29, 1955, ed. by H. Gaffron et. al., p. 118,
Interscience Publishers, Ine., New York, 1957.

W. Arnold snd B. K. Sherwood, Proc. Nat. Aced. Bet. U.8., 43, 105 (1997).

B. Commamer, J. J. Heise and J. Townsend, Proc. Hat. Aced. Sci. V.8., 42,
710 (1956). -

P. B, Bogo, N. G. Pou and M. Calvin, Proc. Net. Acsd. Sci. U.S., 43, 387
(1957).

E. Steimnam eod F. 8. Bjostrend, Exper. Cell Research, §, 15 (1955).

R. €. Nelson, J. Chen. Phys., 27, 864 (1957).

E. I. Rabinoviteh, J. Phys. Chea., 61, 870 (1957).

A. 8. Davyfov, J. Exptl. Theoret. Phys. USSR, 18, 210 (1948).

D. P. Craig and P. C. Hobbins, J. Chen. Boa., 539 (1995).

E. Katz 1n "Photosynthesis in Plante,” ed. by W. B. Loomie emil J. Prenck,

. Chep. XV, p. 293, Iows State College Press, Ames, Iows, 1949,

D. P. Bradley and M. Calvin, Proc. Nat. Aced. Bei. U.B., 41, 563 (1955).
G. Tollin, P. B. Bogo end M. Celvin, New York Acadeny of Beiences Conference
on Photoreception, Jan. 31 - Peb. 1, 1958, in press.



19.

14e UCRL-8293

Referemces (conttd)

w;‘-lmm in "Research in Photosynthesis,” Procecdings of the fecond
&atlmburg Conference on ?hctoayntheeis of the Nationsl Resesach camen,
October 25429, 1955, ed. by B. Gaffron gt. al., p. 128, Interseim

Publishers, Inec., New York, 1957.

R. Emerson and V. Arnold, J. Gen. Physiol., 16, 191 {1932).
K. A. Clenferming snd H. €. Ehrmantraut, Arch. Biochem., 29, 387 (1950):
H. . Witt, Die Naturvissenschaften, 42, 72 (1955). '



-15- } CORL-6293

Hsterial | (Guemte. Bnitted/Qvants Absarbed)
Spinseh Chioroplaste bz 10~7

Scenedesnme ' ' 3x 10-6 _

Chlorella - I Y ' -6

Integrated light intensities in various Total integruted
time ronges after excitation hes censed 1ight intensity
' {normalized to 0.001-0.01 sec. rang? of L:
Material spinsch lasts) ,

adg & $igg i } B A

0.001-0.01 0.01«0.1 0,1<1.0 1.0-10.0

888G, m. : m. B8
Bplnach | | |
Chloroplasts 1.0 C 1.8 £.6 4.1 1.0
Chlorells | 3.2 6.2 2h.1 $3.5 , 9.4

Scenedesmus 2.0 b1 17.3 35.0 6.4
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'rmaafter Integrated light % of total Total integrated

Pemp, excltetion has  intensitlcs (normalized  integrated light intensit)
& ceased (sec) %o 0.001-0.01 renge 21%¢) intensity  (normalized to 21°€)
0.601-0.0L - 1.0 12..8%
| 0.01-0.1 1.5 16.3 Ty
a1 0.1-1.0 2.6 28. R L
 1.0-5.0 h.1 bk,
| 0.001-0.01 a.gk 53.5 ‘
4 0.01-0.1 6.8 19.5 |
u 9.101.0 i 0066 1503 . i o.he
100"5¢0 » 0.50 11.7
0.001+0.0% 3.1 :g,z .
°e°1‘°ol 1.1 } R - A
? .. 0.1-1.0 1.2 15.7 0.5
1.0-5.0 1.95 858
0.001-0.01 3.5 68.4 |
o 0.01-0,1 1.6 31.3 0.56
0-1'1.0 _ 0002 003 L ' *
1:0+5.0 0 0 -
" 0.001-0.01 3‘.3 | 731 |
0.01~0.1 1. 26.9 e
-4 0.1-1.0 0 o 0.55
100‘500 (4] 0 . '
- 0.001<0.01 5.9 | 7‘2,8
' : 0001'0.1 201 ' 2 02 o
-38 0.1-1.0 0 0 0.8
' 1.0-5.0 0 0
0.001~0,01 13.1 53_.3 .
-36 0.01‘0-1 9.1 370 ) 2 '6
' 0.1-1.0 2.1 8.7 .
1.0-5.0 0 o
0.001+0.01 745 "3?;‘3 |
0.01-0.1 5.2 .2 o
-62 0.1-1.0 2.7 16.5 1.3
1.0-5.0 0 o .
0.00150,01 3;;8 80.8
0.01-0.1 C. 17.0 ,
~95 0,110 0.10 2.2 0.50
1.0-5.0 0 o
©.0.001-0.01 1.7 T3 5
0.01-0,1 0.5 22.7 .
-128 °.l~1.0 o O v 002&“
1.0-5.0 0 0
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Time after Integrated light % of totel  Total integrated
Temp, excitstion hes intensities (normnlized  integrated 1ight intensity
°c ceased (sec)  to 0.001-0.0) renge 219C) _intensity (normalised to 219C)
0.001-0,01 | 1.0 3.7%
| 0.01.0.1 1.9 7.1
a 70.11.0 .. 7.5 , 27.7 1.0
1.0-30.0 164 6 . 8.5
0:001-0.01 1. 31 | g.é\
0.01-0.1 1. .3
i3 0,1-1.0 5.0 23.0 0.80
1.0-10 0 R 1 Y5 T - 66,1
0.001-0.01 1.7 13.5
| 0.01-0.1 0.9 7.0 ~
3 0.1-1.0 2.5 20.0 0.56
100"’100@ 7.A 59‘5
0.001-0.03 L,g eB.Z
0001"0.1 0. 9. .o
° 0.1-1.0 1.3 19.9 0.24
1.0-10.0 2.7 k2.0
0.001+0.01 e.g 38.1
. 0.010;1 0.65 2.5 |
5 0,1-1.0 0.9 17.0 0.19
0.001-0.01 2%5 53.3
0.01-0.1 - o. 17.3 y
=43 0.1-1.0 05 10.3 0.8
1.0-10.0 S 29.1
: 0.,001-0,01 0.3 ho;% ,
, 0.01-0.1 0.5 59.!
-38 - 0.1-1.0 0 0 0.03
1.0410.0 0 0
0.001-0.01 - 0.23 gz'.ae
0.01+0.1 " _ 0.17 é :
~63 0.142.0 0 0 0.023
1.0-10.0 0 0
0.001-0,01 0.25 Eg‘.‘g
, 0.01-0.1 . 0.17 0. -
=110 0.1-1.0 ° 0 0.015
1.0-10.0 e 0
0.001-0,01 : ._ o-.ag 22.1-
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Fig. 1. Block diagram of luminescence apparatus.
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Fig. 2. Tracings of decay curve data obtained from Chlorella
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a single flash excitation. The fastest curve (0.0015-0.009
second) was obtained independently. ' "
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Fig. 3 continued
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Temperature -dependence of Chlorella luminescence.
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Fig. 5. Temperature-dependence of the integrated light
intensities of Chlorella and spinach chloroplasts in various
time-ranges. The integrated intensity values have been
normalized for each organism to the 0.001-0.01 second

srange at 21°C.
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