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| ABSTRACT

Amont the different opinions on the photoelectron transpoft scheme,
the "photolyt" hypothesis and the Hiil-Bendall scheme of photoelectron
transport are the major ones, These two hypotheses were discussed and
compared on several aspects of photosynthesis. In order to test these
;two hypotheses, the quantum requirement in photosynthesis and the effect
ofﬂlight'quality on photosyntheticvprodutt distribution were studied,

Measurement of the quantum requirement in photosynthesis consists
of measuring the amoun£ of'oxygen evolved and thé amount of light enerqy
absorbed by the alqae. The amount of oxygen was measured electronicai]y
wifh_én oxygén ana1yzér;'which determines the paramaqnétism of the gas
mixture, Therefore, the'ambiguities stemming from the interpretation
of.manOmetric data are anided. Light measurement requires the use of
a photocell, which is calibrated aqainéf a‘ﬁalibrated thermqbile. The
ca]ibratibn df the photocell against thé thermopfles requires a reference
light beam,'which has to be (1) monochromatic, (ii) constant, (iii) uni-
form, and (iv) large enough to cover the entire détecting surface of the
thermopile. The reference 1ight beam which meets all these requirements
was achieved by using filtered sunlight. The probable error in all
aspecté of the determination were discussed and uncovered a Tikely Cause
of error in the previously reported quantum requirement By a similar
method. In the present study, all of the obtained values of quantum
requirement,are above 8, which favors the Hi]]-Bénda11 scheme of-photb~
ve]ectrgn transport, _ | , o

The study of theveffect bf light quality on photosynthetic broduct

distribution requires the compar1$gn of photosynthetic products formed

i
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by algae illuminated with different wavelengths of light. Such compari-
son requires algae of the same kind and the same age to photbsynthesize
under identical conditions with one variant, the wavelengths of the
~illuminating 1ight, Thus, the differences are solely due to the dif-
ference in the wavelengths of the illuminating 1ight. This is achieved
by having the alaae carry their photosynthesis in a pair of "twin cells"
which consistf of two compartments containing the algae suspension.
Algae photosynthesis in these two compartments of the twin cells have
a common gas phase. Therefore; alagae suspensibns from the same batch
can photosynthesize under identical conditions, with the exception of
‘the wavelengths of the illuminating light, |

- Since the results of the second experiment do not support the eon-
clusion of the first one, several explanations are proposed, and'experi-L
~ ments on far red light stimulated c¢yclic photophosphory]at1on were done

to test the validity of these explanations.
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1. INTRODUCTION

"Photosynthesis"”, as the wofd implies, can be divided into two
parts1=3<-a "photo" part in which 1ight energy is converted into chemical
energy, and a “synthesis" part in which the generated chemical energy is
used for the reduction of C02. The study of photosynthesis cah..there-
fore, be divided into areas: |

1. The étudy of photochemical reactions in which light enerqy

is converted into assimilatory power.? |

2. The study of biosynthetic reactions in which the generated
'assimi1atpry power is‘uti1ized’fdr the reduction of C0» into
| 'various compounds .46 | o : |

The:second process in WhicthOZ is reduced to various cohpounds has
been studied in great detai].'jfhe phqfosyhthetic carbon reduction cycle
| proposed by‘Caivin and his coIleéques;7f8 together with the Vafious
 known biosynthetic pathways9=12 have provided us with a clear p1cture
of the path of carbon in photosynthesis. |

However.,the first process in wh1ch light energy is convertéd into:
assimilatory power is not so clearly understood. 13-15 Among the various
hypothéSes cOncerning the photochemical reactions. there are two majbr
ones. tThey'are the "photolyt" hypothesis proposed by Warbural6=18 and
the "two 1ight reactions" hypothes1s based on the Hi11 Bendall scheme‘9 20
of photoelectron transport | | o

The two hypotheses have different assumptions with'regard to'thé
“course of prim&ry photochemical reactions. They differ in séver&} |

aspects ofvphotosynthesis-ee.g.. the origin of the oxygen evolved,. the
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value of quantum requirement, and the generation of assimilatory power,

‘The rest of this chapter will be devoted to the discussion of_these
two hypotheses, EXperiments-included in Chépters I1 and III are designed
tb verify the validity of these fwo hypotheses. However, a comparison
between the results of Chapters II and ;II §hows inconsistency. This

| apparent .inconsistency is 1nvestiga§ed in Chapter IV,

A. The "Photolyt" Hypothesis

1. 'The guantum requirement in photosynthesis

Warburg and Negelein15+21422 were the first to study the Quantﬁm
requirement of photosynthesis. The quantum kequirement obtained in their
ffrﬁt sekfes of determinations was 4-5 éinsteins of photons per mole of :
COp fixed. 22 Based on the free enerqy calculat1on of the fo1low1nq
equatlon v | _ _

00, + Hp0 ===y (CHpO) + 0y  &F = +112 keal /mole
the absorpt1on of one mo]e of -CO2 represents the f1xat1on of 112 kca1 of
enerqy. The eff1c1ency in eneray conversion by photosynthes1s can be cal-
culated by the fol1ow1nq formula:

AF
0.R. X th/A

Since the wave]enqth of the red light used by Warburq was 660 mu, the

efficiency in enerqgy conservation by photosynthes1s is

112,000° ca1 -
4 x (th/660 ma) 65%

- Since many investigators14+23-25 oytside the Warburg school claimed
thaf they‘were unable to reproduce the low quantum reauirement reported

by Warburg, Warburg and coworkers redetermined the quantum requi?ement
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3=
using a modified techn1que, and arrived at a quantum requ1rement of
2.76, 26 wh1ch represented an eff1c1enCJ c¢f 93% in enerqy conversion,

2, The hypothesis

Burk and Marburg‘ﬁfls considered that the fixation of CO» intd

carbohydrates is a primary photoreaction., It shodkfrequire only one

- photon for the fixation of one mo]ecu1e of C0p, However, the free

eneruy chanqe upon the conversion of C02 1nto carbohydrates, together

| with the evolution of 0z, is 112 kcal per mole, and the enerqv of one

einstein of red 1ight (= 660 mu) is only 43 kcal; one photon-is there-
fore unable to promote the following reaction: |
0, + Hp0 =——3 (CH0) + 0y  F = +112 kcal/mole

(assuming the (CHp0) 1is at the same_reduction level
as carbohydrates§ ' _

Burk and Warbura accounted for the energy deficit in this reaction by

'the1r "photolyt” hypothesis, 16,18

A "photo]yt"27 28 js an act1vated C(Z comp1ex, wh1ch is formed by
act1vating C0p (or HpCO3) by the following reactions:
' ' espiration
(CHZO) + 0 .r—-Ef-—f—-—a CC, + Hy0 + enerqy

---H,C05 + energy 4 f—-—H2C03*

- where (CHy0) represents compounds oxidized in respiration, -5~H2C03'is

the bicarbonate ion bound inside the cell, and ---H2C03*-is the "photo?

| 1yt" formed by utilizing the energy released in respiratioh;'vACCordinq"

*The "photolyt" has never been isolated. ---H2C03 is a hypothetical

intermediate, namely, H2C03 bound in a complex which is converted into
---HZCOB*, the "photolyt",unon the absorrtion of the'energy released in

respiration.
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to the hypothesis, the “photo1yt"1s an oxygen brchrsor Which splits
into --=(CH20) and 0, upon the'absorption of a photon. Since one photon
of 660 my light (e=hv=43 kcal/mole) is at1e to promote the reaction of
emeHpC03 + hy ey o= (CHp0) + 0,  F = 112 keal

the free energy of fdrmatioﬁ of the fphotolyt“ must be (112-43) = 69 kcal
-Ahigher than that of H2C03. This 62 kcal of free enerqy required for the
activation of the H2C03 is provided by the oxidation of 2/3 mole of
(CH,0) in respiration, | -

Assuming the reduction level of -4-(CHéO) is the same as that of
carbohydrate, the oxidation of 2/3 mole bfk---(CHZO) will release .
(112) x 2/3 = 74 kcal of energy, whjch is more than enoughvto make up
~the eneroy deficit in the activation.of ---H2C03 into ---Hzcdj*. pro-
vided that ehergy transfer and utilization is highly efficiént.

The "photolyt" hypothesis can be surmarized in the following equa-
‘tions: - _ | . |
L a0 4 v —— = (CH,0) + O

2/3 ===(CHp0) + 2/3 0, =—=—eep 2/3 COp + 2/3 Hy0 + 70 kcal

-==HpC03 + 70 keal ~—=m——mp -=-HpCO3* | .
The overall process 1/3 ==-HyCO3 + hy === 1/3 ===(CHx0) + 1/3 0,

Since oneveinsfein of photoﬁs (Nhv) promotes the reduction of only

1/3'moie of CO,, the theoretical quantum requrement of CO, thake is

1 einstein of photon - 3
1/3 'mole of C02 consumed

If the ratio of y~='52g = 1, the theoretical quantum requirement for

02'ev01ution will also be 3?
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3. Experimenta] évidences for the "phofo]yt" hypothesis

The "photolyt"'hypotheéis indicates that the theoretical auantum

requ?rement for the reduction of one mole of €02 is 3 or less. The value

of quantum requirement in Chlorella photosynthesis first repofted by
Warburg and coworkers was between 4 and 5..'After 1946, Warburg and co-
workers determfned the quantum requirement with improved'technique and
arrived at the value of 2,76 photons per mole of 0, evolved or CO, uptake.
This was indeed a very strong support of the "photolyt" hypothesis.
fhe va1idfty of the "photolyt" hypothesis was further supported by
the acidif1dor1de and initial oxygen evolution experiments. which gave
indirect evidences for the eiisténce of the "photolyt".
a. The acid fluoride experiment29-32
Ev1dence concern1nq the ex1stence of the “photolyt" comes
from the acid fluoride (hydrogen f]uor1de) exper1ment of Warburq and his
co]]eagues.15 In the1r experiment, 31,32 four identical Warburg vessels
Qere sef up, each conta1n1ng 2.0ml of 5% Chlore]la in culture med1um.
The gas phases of these vessels were: |
" Vessel 1 20% CO, 1in air
Vessel Il 20% €O, in air
. Vessel 111 20%-C02 in argon
Vessel IV argon free of C0,
After these vessels were shaken in the dark for half an hour. ac1d
fluoride (HF) was tipped from the side arms of the vessels II, III, and
IV.~ Vesse] I was 111um1nated w1th bright red 1ight for 5 min, and acid

f]uor1de was then t1pped in. (In a1l cases, enough acid fluor1de was

_added so that the final concentration was hiah enoﬁgh to stop respiration,)
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~Upon the addition of écid fluoride, there wéé an increase in pres-
“sure in all vessels, as'indicated by tﬁevmanometer. This increase in
'pressure waé found due to an outburst of COZ. The amount of CO2 release
in each vessel is shown in Figure I-1.

Accordingvto Narburg'and his col]éaoues, the CO, released in vessel
IV represents the amount of free glutamic acid in-the Ch]oreila-ce1ls.33:34
because,HF stimulates an enzymatic decarboxylaiion of glutamic acid. The
_C02 released in vessel III represents the amount of glutamic acid and co,
~ bound as biéarbonate when the gas‘phase-cdntains 20% C0p, The €0,
“released in vessel II represents: | |
(i) the amount of free glutamic acid in: the éei]s,
(i1) the CO, bound_és bicarbonate,véhdv | ,.
(iii)_the aerobically bound COy, which is identical to the activated
: complex. of C0py the "photolyt".* | |
The COé re1éa5éd in vessel I represeﬁts:
 ;(i) the amount of free qlutamic acid in the cells,
(11) the €O, bound as'bicarbonate,rand-
(ii1) the small ahount of "photolyt" remaiﬁed in the cell after 5 min
i]1umihation in bright red light.*
‘The explanation15,32 for the above phenomenon is that dufiné incu-
. bation in the darkithere was,respiratfon in vesseTs_I.and 11, but not in‘
vessels TI1 and IV because vesée]s 111 and Iv"contained no oxygen for
respiration., Hence, upon the addition of acid fluoride, the excéss CO2

evolved in vessel II over that of vessel III was defined as aerobically

*See appendix 1 for alternate exnlanation. -

o
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bound COp. In the opinions of Warburg and coworkers, this aerobically

bound COp is identical to the "phbto1yt“, the'activated C02 complex
H,CO3*, which can be formed in the dark'ff energy is provided from res- -
piration. Upon the addition of acid fluoride, the “photolyt" was decom-
posed and fhe‘aerobicai1y bound C02 was therefore released. Upon illumi-
nation of vessel I, there”Was an évolutibh of 02..'The amount of this .
:02 exceeded that of the COglby an amount approxihate1y'equa1 to the
difference in aerobically bound CO, released bétween'vessels I ahd IT.
Therefore, the nature of the aerobica]1y bound COp can be represented
by the following equation: | | ‘: | | .

O + 0y e hptogr —hY 5 een(cip0) 0,

By using differeht amounts of acidvf1uoride33o34 to control the
amount of "photolyt" remaining in the cells, Warburg'showed_the'stoichio-
metric relationship between the ”photo1yt"‘and the 0, evoTved.27f35'36
This provided him‘additional evidencé t6 identify the "photolyt"has.an
. oxygen bretursor. | |

| b, The initial oxygen evolution and enhan;ed'respiration E
) Quantum requirement measurement On.the'initial oxygen evolu-
tion of Chlorella which had been incubated in the dark showed that it takes
only one photon for each 02 molecule eva]ved,26 Warbura took this as
~evidence for the 6ne qudntum 1ight reaction of the “photdlyt". ‘
ceeHpCOg* 4 hy ey —en(CHy0) + Oy
'M;reover. he observed that there was an enhanced 0p uptake;right
after illumination.37+38 He regarded this as evidence for the formation -
of “"photolyt" in the dark with enerqy provfded by respiration. This ‘

process is the dark reactions in his "photelyt" hypothesis;
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piration _ ' :
> 2/3 HyC03 + 70 keal

2/3 --=(CHp0) + 2/3 0 »
==-HpC03 + 70 keal ——————d -==HyCO4*

c. Composition of'the "photo1yt”

An examination of Figure I-1 indicates that the amount of
aerobica11y bound C0, and free glutamic acid is the same.31-32 Deter-"~
m1nat1on on the ch1orophy11 and free glutamic acid content of several
alaae showed that the rat1o of aerob1ca11y bound C05: q]utam1c acid:
chlorophyll = 1:1:1, 36 ‘This important discovery suggests the poss1b111ty
of a complex formed with COQ,"g1utamic acid, and chlorophyll, Hence. the
"photolyt" can be represented'by (ch1or0phy11-g1utamic acid-C0p). How-
ever, it must be noted that‘the symbol qives'no more information than

the sto1ch1ometr1c relat1onship among its components.

B, The Hill-Bendall Photoe]ectron Transoort Scheme

Although Warburg had experimental evidences to support his "photolyt"

hvpothesis.’many investigators outside the Warburg schoo114 were unable

- to reproduce many of the exper1ments reported bv Warburg and h1s co-

workers, Typ1ca1 examples are the 1ow quantum requ1rement23 in photo~

: synthesis and the acid fluoride experiments. Furthermore, there are

many experimental phenomena39-40 which are unable to be explained by the
"photolyt" hypothesis. Among them, the enhancement41~43 and the chromatic
transient44445 effects are the typical ones. o o

1. The enhancement effect

In 1943 Emerson and Lewis measured the quantum eff1c1ency of

Chlorella-photosynthes1s as a function of wave]ength.23 The action

spectrum (Fiqure 1-2) shows that the quantum efficiency is constant over

the range from 580emuvto 680 mu, The dip at 480 mu can be accounted for
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by the absorption of carotenoid, which is unable to promote photosyn-
thesis. However, not only the low quantum_efficiency (high quantum

requirement*) but also the severe drop at wavé]engths slightly longer

~than 680 mu were unexplainable by the “"photolyt" hypothesis, because

"_ the absorption of”ch1orephyl1'a.is sti11 high in that region. Further-

more, Emerson and coworkers?! found that the addition of short wave-

- length Tight enhances the quantum efficienty of Chlorella photosyn~

thesis at long waveIenqth red (over 680 mu) to the 11m1t of short wave=
Ienqth red (580 m to 680 mu).. (See Figure 1-3).

2. The chromatic transient study

_ The chromatic transient (Figure I-4) was discoveredfby B1inksﬁ4’45
who adjusted the intensities of the two Tight beams (650 mu and 700 mi)
so that they gave equal steady rates of photosynthes1s when used
separate1y. Upon subst1tut1nq one beam for the other he observed a
transient disturbance in the time course of oxygen evolut1on. |

Myers and French#2+49 studied the action spectka of'enhanCement and
chromatic transients with'bacquound light of 700 hu; whenvplotted on
comparable scale. the action spectra of these effects in- Ch1ore11a were
1dent1ca1. A11 these observed effects cast doubt on the "photolyt"

hypothesis,

3. The HilleBenda11'photoelectronvtranspOrt'scheme

Based on experimental evidences, as:we11 as thermodynamic ca]cu- ;

lations, Hi1l and Behdal]]9 proposed a photoe]ecthon transport scheme

*Calculation from the action spectrum in Emerson’s measurement shows the
Towest quantum requirement is more than 10, while warburg's:values are

below 4,
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which consists of two light reactions'instead of one. The photoelectron
transport schehe which is now Called the Hi]]-Benda11 scheme of photo-
electron transport, can be represented by the following diagram;zo
(Figure 1-5). | |
- The exact nature of X, Y, P, and Q is not known. X must be a very |

strong reducino agent with a potential at least -0,74 V, since isolated
.ch10r0p1ast was found to be}ab]e to reduce viologen V-740 50 (1,1'-
trimethy1-4.4‘édimethyj-é;Z'-diphridylium dibromide), which has a -
reduction potential of -0,739 V. It has been suggested that Q is a

kind of plastoquinone with a potential of O.OIV. P-700 may be identical

to Kok'$ P-700,96 which is an aggregate of chlorophyll a molecules in
special binding states, and can be oxidized only by chemicals of oxida-
tion pofenfié]s ébbve,f0.45 V. Very little is known about Y; which is
probab]y'also én aggreghte of chlorophyll g_holecu1es ahd its oxidized
form should have a potential strong enough to dxidize water fo oxygen
(0.815 v at pH 7 and 25°C),

4, Explanation of the “Red Drop" and "Enhancement" effect

Both the "red drop" and “"enhancement" effect stkongﬁy suagest
the existence of two 1ight reactions in the overall photoeleﬁtron trans-
port.57 Long wavelength ved 1ight is probably inefficient in promoting -
one of the photoreactions which requires higher enerqy, sokfhat the _
quantum yield of Chlorella photosynthesis drops severely for wavelehgths
Tonger than 680‘mu. Appérent1y, the short wavelength red light is able
to promote both photoreactidns efficiently. If both the 1ohg wavelength
and the short wavelength red light are present, the short wavelength red
Tight will be used to promote fhe more difficult photoreaction, leaving

the lona wavelenath red light to promote the other one. In this case,

.
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0.8

-
i?

Figﬁre I-5, Diagrammatic rebresentation of photoe]ectron transpokt
in ch1orop1aéts as a composite of two 11qht'reattion$
and dark reactions. - _ _
(The Tight reactioné are indicated by open arrows , the -
- dark reactions by.b1ack arrows, Standard redox potentials
of some of ﬁhe intermediates are indicéted on the adjoinfna'

redox scale.)
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the Tong wavelength red light is used as effiéient1y as the short wave-
length one.. This explains the "ped drop” and "enhancement" effect in
photosynthesis.58

5. Explanation of the "Chromatic Transient" effect58

The work of Myers and French?2,49 indicated that both the

.enhancement and chroma;ic transient expressed'identica1 action spectra.
In the overall photoé1ectron tfansport. the brodubt of one Iight reaction
may be the substrate for the other. I1lumination by light, which
| preferehtia]]y promotés bne of the light reactions, may result in an
accunulation of a substrate for the other. Therefore, upon changing to
the other 11ght beam, which preferentialiy promotes the other lfght
reaction, there is a transient in the time course of oxygeh evolution.
This explanation is further éupported'by the fact that the shape of the
transient is_somehpw reversed, if the sequence of the light beams applied
ié reversed. It indicates that illumination by ohe 1ight beam may lead
to an "overdraw" of the.substrate. Conseqdént1y. a reverse iransient
pcéurs upon switching to tHe other light béam. |

’Studies on chloroplasts lead to the idéntification*of two light -
reactions.3'55-59060 Photoreaction I can be ‘promoted by long wavelenqth
red, which is unable to promote photoreaction II. Inhibitors studies®]
indicate that photoreaction I is coupled to the reduction of NADPY while
vphotoreactipn Il is coupled to the oxidation of water. The action spec-
trum of chromatic transients as well as studies on chloroplasts62-64
indicate that the center for photoreaction I is rich in chlorophyll a,
while that for photoreaction II is rich_in chlorophyll b, The center
for photoreaction I together wfth its pigment_system is called photo-:

system I, and that for photoreaction Il with its pigment system is
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called photosystem II.
C. 'Phosphorylation

According to the "photolyt" hypothesis, all absorbed 1ight energy
is used to split the “photd]yt“ into 0y and (CHZO). The eneray required

to activate the CO2 comes from respiration, Additional energy in the

form of ATP required for the conversion ¢f (CHp0) also comes from res-

piration,65,66 Therefore, there is only one kind of phosphorylation--
oxidative phosphorylation in respiration. | |

In the Hill-Bendall scheme of photoe1ectron transport, some of the
energyvre1eased during the downhill electron tfansport from Q to P is
cbnserved.as ATP. Since the phosphorylation of ADP to ATP accompanies
the photoelectroh transport, it is_called'photophosphorylation. It is
also called reductive phosbhoryIation to‘distinguish if from-qxidative
phosphory]atfon. in which the energy required for phosphoryTétion comes
from oxidation of substrates.

Studies in chloroplasts have led to the disCovéry of two kinds of

phOtophosphory]at1on.57 Arnon defined non-cyc]ic_photophosphbry]ation

as a process by which ADP is phosphorylated to ATP when elecfrons are

transported from water to NADP+.] Additiona1iy, photonhosphorylation

may occur in a cyclic process involving no substrate reduction,68,69

The action spectra of these two kinds of phosphorylation'indicates that =
non-cyclic photophosphorylation requires the coopération ofgboth,photo-

rreactions I and II,59 whflé cyclic photophosphorylation réquirés only

photoreaction 1.55'59
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I1. QUANTUM REQUIREMENT IN PHOTOSYNTHESIS

A, Introductioh

According‘to the "photolyt" hypothesis, the quantum requirement fn'
photosynthesis is 4 or less; whereas the HilT-Benda11 scheme of photo-
electron transport indicates that the theoretical quantum reaquirement is
8, and the actué] value will probably be more. Based on his inhibitor
studies on chloroplasts, Arnon70s71 proposed a photoelectron transport
scheme which consists of oniy one reaction. This will also lead to a
quantum requirement below 8.

 Quantum requirement'wifh va1ﬁes below 4 had been reported‘by
Warbura and his colleagues;26+72 whereas values above 8 had been reported
by Emerson et al.24 Values between 4 and 8 héd been reported by Bassham
and his coworkers,’3 Ih order to explain the result of their measurements,
Bassham had suggested that photoréaction IT in the Hi]l-Béndg]l photo--
electron transport schemermight be a "two electrons per photbn“ réaction,58'74
so that the'theoreti§a1 quantum requirément shou]d‘be 6., |

1. Theoretical quantum reauirement of various proposed photo-

electron transport schemes

The various proposed photoelectron transport schemes!4s15,74
can therefore be divided into three types in terms of stoichiometry, ifr
light is included as a reactant (Figure 11-1), | -
The photoelectron tranSpgrt scheme shown in Figuré II-f% consists
of two light reactions: photoreaction I (hvy) and photoreaction II (hvyp).
In the photochemical process of'photosynthesis a phdton is required to
promote one electron from watef to Q (plastoquinone?) by way of photo- -

. |
reaction II. The electron is then transported by some exogenous reactions
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td P (P-700?). An additional photon 1svfequired to promote that electron
from P to X by way of photoreaction I. Therefore, the overall process
requires two photons for the traﬁsport of 6né electron from water to the
terminal electron accéptor X. |

Thé photoeledtron’tranéport scheme shown in Figure I1-18 also con-
- sists of two liaht reactions. However, in- photoreaction II, a photon is
able to promote two electfons from water to Q. These two electrons are
then transportéd from Q to P hy 50me'exogenods reactions. Similar to
the photqeiectron transport scheme shown in Figuré 1A, the excitafion
of each of these tw0'e1ectrons from P to X requires one photdh."There-
fore it reauires two photoﬁs-from the transport'of two electrons from
" P to X. The ove}a11 process requires 1 + 2 = 3 photons for tﬁe trans-
port of two electrons from water to the terminal electron éccEptor X.

InvFiqure IT1-1C-a, the photoe]ectrbn'transpOrt scheme consists of
onlv one light reaction. It requires oniy-one photon for the complete
transport of one eiectron from watér to the terminal electron acceptor.x,

The scheme shown in Figure I11-1C-b is similar to that iq Figure
II-1C~-a except that the origin_ofroxygen is from Ha0 instead:of'COZ.
This scheme is proposed by Arnon70s71 to account for his observation
that some inhibitors have different effectson qYé1ic'and noncyc1ic
photothSphorylation. In fact, his observation only indicates'tﬁat the
sites for cvclic photophosphorylation are different from those for non-
cyclic photonhosphorylation.

Since one molecule of oxygen is produced for every four electrons

removed from water,* the quantum reauirement of green plants mav be

* 40 ant + 4OH"

. 40R~ — ZHo0 + 02 + de
4" + 4Ht + de — 4XA +
A0+ AX ______4XH + 2Ho0 +02

~
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-defined as the number of photons required to qenerate one molecule of X

oxyaen from water,

‘number of photons absorbed (in units of wein)
number of oxyqen molecules evolved (in units of umole)

0. R. =

Each of these nroposed schemes has a different quantum requirement

for the evolution of one molecule of oxycen from water., The scheme shown

~in-Figure II-1A gives a quantum requirement of 8, the scheme shown in

Fiaure 11-18 qivesva quantum réquirement of 6, and the scheme shown in
F1qure 171-1C qives a quantum requ1rement of 4,

2, Values of previOus measurements on quantum requ1rement

. A quantum requ1rement'measurement wou]d be a way to rule out
some of the proposed schemes, Howevér5"de$pite-the many reports on. the

quantum requirement of photosynthesis;.thefe is still no conclusive

opinion'on:the actual values of this importaht'nunber.24'

‘Values ranaing from 2.8 to 4.5, which can be used to rule out the

first and second photoelectron traQSport schemes, have been reported by

Warbura and coworkers;zzozﬁ"Va1ues éround 7, which favors the second

scheme, have been reported by Bassham and Shibata.24,70471 Values above

8, which favors the first scheme, have been reported by other workers.24

It is true that on1y the minimal quantum requirement bears théoreti-,
cal siquificanpe,vas it reveals the intfinsic properties'of the photq;
electron transport apparatus However, the value of the quantum requ1re-.‘
ment renorted must also be re11ab1e. For‘examp1e, the low quantum |
requirement reported by Warbura is subject to uncertainties in his mano-k
metric measurement of oxysen evolution. Manometric measurement critically

depends on the solubilities of carbon dioxide in solution. It is found
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that some algae secrete into the medium a considerable amount of gly-
colic acid, especially at hiqh 1ight intensity;73_ This will certainly
affact the reliébi1ity of the manometric measurement. Using an oxvgen
analyzer Which measures the paramagnetism of oxyaen, the rate of oxygen
evolution measured by Rassham and Shibata was free froh such uncertain-
ties. However, the opal glass technique’3 which they employed was based
on the assumption that the sémg portion of}1iqht would reach the detecting
surface regardless of.the diffuseness 6f the 1ight incident to the opal
glass. MWhether or not this assumption is correct depends on whether the
diffusing power of the glass used scatters thé incident light sufficiently.
Since it is found that the‘thin pie;e of onal giass they used ié unable
to diffuse the 1ight'sufficient1y, their meésurements are subject to
some uncertainties in the calibration of the photocell.

- Many other reportedea1ués of Tow quantum requirementv(ﬁelow,S)
vwére the result of arbitraryrcorrection for respiration during photosyn-
thesis.’4 The rate of resbiration durine phOtoSynthesis has “been |
measured by Brown,’® using 18c0, and.14C02 isotopes. However, the
varioué'assumpt10ns he made and the“5cattering of his results prevent:
one from taking his data as qyantitative1y reiiab1e..

vStudies on chloroplasts by Sauer, Park, and Kelly76,77 have aiven
evidence for the existence of two liaght reactions, and it reqpires one
photon for each of the two light reactions in the ﬁhotoelect%on frans-

5 It therefore favors the photoelectron transport. scheme

port scheme,
shown in Figure II-1A, This will lead tc a quantum requirement of 8 for
the evolution of one oxyaen molecule. However, studies on chloroplast

or other subcellular particles aré subiect to'fhe possibility of working

3

wl
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on a system which has lost some of its or1q1na1 act1v1ty. The addition
of artificial electron acceptors and 1nh1b1tors in most 1nvest1qat1ons
disturbs the physiological environment of the plant.
" Therefore, it is the purpose of the present experiment to study the
quantum requirement of photosynthesis jg_!i!g,so as to test the validity
of each of the schemes proposed and to reinforce the observations found -

in chloroplast'and other subcellular particles,

B. Discussion of the Experiment

1. Choice of plaht'

Chlorella pyrenoidosa*was choSen for quantum requirement because:

(i) it is so small that a large number is used every t1me° therefore.
individual variation is e11m1nated. | |

(ii) it is readily available and can be handled easi1y,'h

(i11) it has a very fast rate of oxygen evolution so that measurement
of oxygen evolution can be done in a short'time, and .

(iv) it has the ability to arow under vérying conditfons"of nutrient
supply, level of carbon dioxide, temperature, and lightvinten-,
sity. | \ | |

The photosynthetic rate of the a19ae depends on:

(i) temperature.

(i1) the supply of hotrients._ |

(i11) the supply of carbon dioxide, and

(iv) the supply of light energy.

In the quantum requirement measurement the oh1y Timiting factor

_shou\d'be the supply of 1icht enerqy, because only under such condi--

tions can the yield of eneray conversion be'determined by'the intrinsic
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properties of the photosynthetic apparatus. At the same time, the light
intensity must be high enough to produce a photdsynthesis rate several
times greater than the dark respiratory rate, so that the uncertainty in
the Tight respiration rate becomes less of a 11mitétion on accurate quan-
tum requirement measurement,

2. Efféct-of temperature

Between 15°C and 25°C the effect of temperature becomes appre-
ciable only at high light intensities (I>IS in Figure 1I-2). At light
intensities at which the rate of oxygen evolution is linearly propor-
tional to the light intensity, the rate of oxygen evolution at 15°C and
25°C is practically the same.’8 The quantum requirement measurement was
done at a.temperature of 20°C, which was the same temperature at which
the algae culture was grown at our laboratory.

3. The supply of nutrients

The medium used to suspend the algae is a buffer with a pH of
5.1. It is similar to Myer's medium, which contains all nutrients known
for optimal growth of the Chlorella. The composition of this buffer and
that of Myer's medium is shown in Table 11-1.79

4. Carbon dioxide level during photosynthesis

Bassham and Shibata’0 found that the rate of photosynthesis at
4% €O, was only 5% higher than that at 1% COp. Therefore, the photosyn-
thetic rate under the light condition used for quantum requirement
measurement can be considered to be saturated with respect to COy at
levels between 1.5% and 4%. The Cdg level was about 3.5% at the begin-

ning of each measurement, and about 2% at the end of each experiment.
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Table II-1

Compos1t1on of Myer's medium and the med1um used for

suspend1nq the a]qae

Concentration of medium used - Concentration of modified

‘Components in the present experiment . J. Myer's mediqm
KNO4 o 5x10°3M 12 x 1073 M
MgSO4 | 1x10°%M 10 x 10°3 M
KH,P0, | Tx103M - 9 x 10-3 M
Fe Versenol 1 x 10-3 M | 1 x10-3 M
Ca(NO3), 0 x 1073 M 1x10°3 M
*Arnon's A-4 with , |
Cu and Mo 1x10°3 M 1 x 1073 M
pH 5.1 5.3
*Arnon's A-4 with Cu and Mo: CuSO4 5H20 v 0.079 a/1
o H3B05 2.86 g/l
MnC15+ 4Ho0 1.8 g/
znso4-7vzo - 0.222 ¢/1
CoC13+6tis0 10,040 g/1
MoO5 0.015 g/1

5. The supply of liaght eneray

In order to insure that the limiting factor during-duantum

requirement measurement is the intensity of the illuminating 1ight, we

measured the rate of oxygen evolution at various light intensities.

The curve shown invFigure I1-2 shows that the rate of oxyqeﬁ evolution

is directly proportiona] to the light intensities until it reaches a

value of 18 umoles/min q of wet packed alcae., Since the

amount of

algae in the cell is 30 x 0.4% = 0,12 g, the rate of oxygen:evolution

during quantum requirement measurement should not exceed 2.16 umoles/min,




=27~

- }Monoéhromatic light has to be used so that the number of photdns
~ absorbed by fhe algae can be measured by a photecell. In the present
experiment, the monochromatic light 1s provided by an intandescent Tamp
and sets of interference filters., Infrared absorption filters.(Corninq
1-69) were employed to cut down the large amount of infrared from the
iﬁcandeséent lamp. Hater coolina is app]ied_to protect the infrared
absorption and interference filters. ,

The desired wavelength of thé monQChromatic light used is 625 mu.
This is provided by a combination of tWo sets of interférence filters
(from BairdQAtomic Incorporated).  The first set consists of four nieces
(eﬁéh 2".x 2") of interference'ff]ters (B-3X) while the second set con-
Sists‘of four pieces (each 2" x 2") 6fiinfréred blocking fi1férs (B=2X).
_The transmission curves for the interférenée'fiIter, infrared blocking
filtér,‘infrared absorption filter, and a combination of these three
.‘f11tersvare shown in Figure 1I-3.* The fransmiséion curve sHOwn in
Figure 11-3D shows thét the 1ight provided by such a set-up has a wave-
length 6f-627 mu with a bandwidth of 7 mu at ha1f~peak value, The.liqht‘
provided by such a set-up can be considered as MOnochromatic.for the present
'  purpose. A'piece of translucent plate is put between the sets'of_filters
and the cell containing the algae suspension.,_ |
_ The reason why 627 hu.light‘is.chosen for quantum requirement stﬁdy ;
and the function of ihe translucent plate Wi11 be dfscussed in Appendix

T1-A,

*A11 spectra were obtained by usihg Cary 14 spectrometer{
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Transmittance (%)
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Fioure I11-3, (a) Transmittance curve of the interference filter (B3-X).

(b) Transmittance curve of the IR blocking filter (B2-X).
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" Figure I11-3, (c) Transmittance curve of the IR absorption filter
(Corning 1-69),
(d) Transmittance curve for the combination of intekferencé.
filter (B-3X), IR b]ockiﬁq.filter (B2-X), and IR

absorption filter (Cornina 1-69),
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C. Experimenta1.$etsup
The system used in this experiment is shown schematically in
Ficure 11-4. The essential parts of the system are:
(i) a cell containina the suspension of alaae,
(i) a carbon dioxide analvzer,
(iii) an oxyaen analyzer,
| (iv) a bubbler for indicatina the pressure inside the system as
well as detecting leakaqe in the system,
(v) R=C elements to reduce pressuré_fluctUation. and
(vi) a liaht source prdvided by an fincandescent lamp and sets of
filters. | | .
1. The cell
The éross-section of thé cell is shown in Fioure IIA4B.. This
cell (5 mm thick) is thinner than that‘uséd by Passham and Shibata (9 mm" .
thick). The advantage of usinh a thinner cell is to reduce side scat; 
tering effect of‘the 1ight, because the area of the edge of the cell is
small when'compared to the cross-sectional area of the ce11; |
With the exception of the i1luminating aréa. the entire surface of
cell wall A was masked with black tape sc that only the desired area was
illuminated., Scattering light was réf]ected forwérd by having an alumi-
num reflective surface between the surface of cell wall A and;the black
tape, Table II-2 shows the result of two Tight measurements,;one done on
the outer surface of cell wall B, and tHe other 6n the inner surface of

cell wall A,* The results qf these two measurements indicaterthat all

*By replacing the cell with a lucite plate with the shape and dimension

of cell well A,
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Table 112

Mgasurements by Photocell

v - Sum of

- A.__Light Energy Measurements on Cell Wall A (in units of mV) v Totals
0.45 0.80 0.77 0.69 0.43 0.47 0.73 0.8 0.68 0.52 76,40
5.80 9.70 8.56 7.00 4.20 4.60 7.4C 8,00 8.30 1,15 64,80
6.10 10,10 8,00 6.40 4.00 3,70 6.00 6,40 7.00 1.80 _ 59.50
4,00 5,60 4,60 3,90 2.,40 2.40 3.50 3.70 4.00 1.00 35.10
6.80 9.60 7.80 6,60 4,00 4,50 6.20 6.20 6.40 1.70 59.80
7.20 12,00 9,90 8,70 5,10 5,10 7.20 7.20 7.50 1.80 71.70
1.00 8,10 7,50 7.20 5,70 3,00 5.40 5,40 5.40 3.60 ' 52.30
| | Total -~ 349,60

L ' ~ : ~ Sumof

B. Light Eneray Measurements on Cell Wall B (in units of mV) Totals
1.32 0,51 0.72 1.26 1.44 1.62 0.96 1,00 1.38 1.15 0.96 0.39 11.39
2,52 1,02 4,20 7.40 6,70 5,60 3,90 3,70 5,00 5,70 5.00 1.05 49,27
2.82 1,40 5.60 8,00 6,50 5,60 4.00 7.20 9.80 5,40 4,60 1.20 59.30-
2.94 1,15 4,80 6.40 5.00 4,40 3,100 2,80 3.65 3.90 3.35 1.00 39.55
2,88 1.35 6,40 9,00 7,30 6,40 4.40 4,15 5,00 5,20 4,60 1.40 55,20
3.00 1.50 7.40 11,40 10,00 8,70 5.8 5,10 5,70 6,50 5.90 1.65 €9,65
3.78 2,30 6,50 7.10 6,20 5.00 3.40 3.20 3.80 4.10 1,90 0.40 43,90

9.26 S - . R 32826
X 2 o o + 38,52
38.52 ~ Total: 328.26 + 38,52 = 366,78 366.78

the light passing through cell wa]l A was measured Ly measurements done
on cell wall B, Therefore, our measurements which were done on cell wall
B represented the amount_of_1ight illuminating the algae. o
The sides of the cell are>5eve1ed SO that'scattering ané diverqent -
Tight tan a]éo be measured. | |

2. The carbon dioxide‘analyzef '

Carbon dioxide was analyzed by a Lira Model 200 carbon dioxide

analvzer measuring the infrared absorption by carbon dioxide.
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3. The oxveen analyzer

Oxyoen was determined by a Beckman oxyagen analyzer measuring the
péramagnetism of oxygen. The oxygen analyzer is very sensitive to total
pressure and flow rate. It works'broperly only at a certain pressure _ :
range and flow rate, Therefore, it was connected to the carbon dioxide
analyzer in parallel, so that the gas flow rate to the oxygen analyzer
could be adjusted by turning the stopcock, .R. The flow rate in the
present experiment was 62 t 3 cc/min.* The pressure of the systeﬁ was
always adjusted to that of the atmosphere by opening the stopcock L,

| 4, The bubbler

Fiaure 11<4A shows the construction of the bubbler, ‘which serves
as a pressure indicator as well as a 1eakaqe detector in the system.

If the pressure inside the system is higher than that of the atmos-
'phere,vthe alycerine {n the bubbler will rise. Therefore, it serves as
a presshre indiﬁator. High pressure inside the system can be released
by opening stopcock L, _

| In the absence of leakage in the system, no air will get into the
system through the bubbler if the pressure inside the closed system
equals that of the atmosphere. If gas leaks out from the system, air
will get into the system through the bubbler, because the bubbler is
close to the inlet of the pump. This results in the formation of bﬁbbles )
in the q]ycerjne. Therefore, leakage in the system can be detected.

5. The R-C elements I B

The volume of the system'used for quantum requirement measure-
- ment was made as small as 150 cc by using glass tubing with a diameter

*The flow rates recommended by the company are 50 to 75 ¥ 5 cc/min.
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XBL 683~4068

Figuke 11-4B, Photosyntheﬁis cell for duantum requirement measurements,
a. Blobking filter (B?3X); b. interference filter (B-3X);
é. tran$1ucent plastic cell walls; d. su5pensiqn of
Chlorella or clear nutrient solution; e, translucent
plastic sheet for 1ight dfffusidn; f. reflectihg'a1uminumv

surface.
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~of only 2 mm, However, the use of small qlass tubinq led to pressure

fluctuation in the system. This was overcome by pufting an "p-C"

element in series with the tubinQ. Tﬁe "R-C" element was a piece of
qlass tubing with smaller diameter (1 mm)'which céntained a 5 cc bulb

~at the center, The small diameter functiohed‘as a resistive element

while the bulb worked as a capacitive element. The small size of the

I tube reduced the flow rate and the bulb decreased the temporary pressure

}qradient. Together they greatly reduced the pressure fluctuation, |

6. The light source

Light for the measurement wés provided by an incandescent lamp
and sets of filters. Various intensities were obtained by chanaing the
input'voltage. Thé curve fn Figure 11-30, which was obtained by a Cary
14 spectrophotometér, shows that all detectable infrared is cut off when
the interference filter is combined with the infrared ylocking filter
and the infrared absorption fi]ter.v Howévef, the infrared from the
incandescent lamp is of much 1arger quantity than that from the Cary 14
spectrophotometer lamp, Therefore, there might be some infrared passing
throuch this set-up of filters, 5 v

In order to insure that there was no infrared passing the cell, the
following measurement was done. The thermopile (and then the phdtodiode)
was put 1n§ide a Tona black box (6" x 6" x 4' 0") which was placed in
front of the light source. Infrared absorption filters were?pﬁt between
the light source and the thermopile. The output signais of the thermo-

pile with different numbers of infrared absorption filters were compaked.}

The constancy of the (n+1)/n ratio* in Tahle II-3 indicated that‘thefe _

*See Anpendix II-B for explanatiqn.
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Table I1-3

qurared from the Light Sourcé |

No. of IR abserption . . T ’ Siqnd]

filters put between Signal from ~ from the
the Tight source and the thermopile (n+1)/n  photodiede (n+1)/n
~ the detecting surface (mV) ey
" 1 - o252 0.726 7.40  0.804
.83 0.781 5.95 10,795
3 .43 0791 472 0.822
4 RN 0,800 3,78 0,800

was practically no infrared from the light source, so that the infra-
red absorption fi1ters‘actéd as if they were attenuafionvfi1ters.

The difference in the (n+1)/n ratio pfobab1y arose from the.absdrp-
tibn difference of the IR absorption fi]ters.. This can be seen from the
fact that the (n+1)/n ratio is 0.800 for both thermopi1e and}photodiodé '

when n = 4 (a1l infrared absorption filters were used).
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D. Experimental Procedures

. o :
The experimental procedures can be summarized by the followina

di asram:

0.R.

calibrated bx‘a standard carben lamp
calibrated by a thermopile 1. large enough to
A : ' cover the entire
' _ detectina surface
reference licht - of the thermopile
source -\ 2. uniform

3. . constant
. 4, monochromatic
measured by silicon photocell : .

= number of photons ab 'eiﬁlminl
number .of oxyocen molecules evolved/min (units of umoles/min)

measured by an oxygen analyzer
calibrated by a carbon dioxide

analyzer which also measures the
rate of COp uptake

oxyaen volume of the system sensitivity of the oxyqgen anélyzer
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1. Measurement of 1ight absorption

The steps in the measurement of 1icht absorption are: Calibra-
tion of thermopile, calibration of photocell against the ca]ibrated
thermopiIe. and measurement by photbce11 of light absorbed by the alcae
during photosynthesis. |

a. Calibration of thermopile (Fiqure'II-SA)
(1) Characteristics of the thermopile
The thermopile consists of a group of thermocouples
which are‘made of platinum black. Therefore; the sensitivity of the
detecting surface may not be uniform, Hence, when the intensity of a
Tight beam is to be measured by a thermopiTe,ﬂthe liaght beam hust be
uniform and large enouah to cover the entire area of the detecting sur-
face5 That is why the thermopile is placed at a diétance'bfqéOO cm
. from the light source durfng its calibration acainst the standard
6arbon.1amp.‘ _ | A
(i) Result of the calibration
 The thermopile was calibrated against a standardvéar-
bon 1amp (C-1070 andVC-TO71) by the'mefhod reCommended by the National
Bureau of Standards (in literature supplied with their standard Iamp). B

Table 11-4 shows the result of the measurement.
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shutter
platinum detecting surface
of thermopile
electric |wiring \//77 ' ’ calcium fluoride
' , ‘ : window
i Nl
'The thermopile is fixed in position
: by Styrofoam,

Fioure 11-5A, Cross section of thermopile,

silicone photocell

I

black electrical tape

1IN
AR

This mark on the holder related the center of the photocell
to markings on the rulers,

Fiqure_II;SB. Photocell and holder.



Table 11-4
Calibration of Thermopiie by Standard Carbon Lamp

Pover —
Lamp No. (input) Pover dens1ty aE Power received Signal aiven Sensitivity
Amperes Volts 200 cm (watts/cm¢) by thermopile by thermopile :
C-1070 0.300 80,9 45,3 x 10-6
C-1070 0.350  91.1 61.9 x 10-6
€-1070 0.400 100.7 80,5 x 106 -
C-1071 0.300  79.5 42,8 x 10-6 -
c-1071 0.350 89,4 58,7 x 10-6
c-1071 0.400  98.9 76.7 x 10-6
€-1070 0.300  79.6 44,57 x 106 11,5 x 10°6 13.95 W 31.95 ergs/sec cm? uV
' . 79,93 ergs/sec cm@ uV
c-1070 0,350 90,6 61,56 x 106 153.9 x 10-6 20,04 W 30,72 ergs/sec cmd uV
R | | . 76.80 ergs/sec cm? wV
~ €-1070 0.400 100.0  79.94 x 10-6 ©199,9 x10-6 26,40 WV 30.28 ergs/sec cm uV
’ : ' : 75.07 eras/sec em? vy
C-1071 0.400 98.5 76,40 x 106 191,0 x 10-6 25,56 wV 29.89 ergs/sec cm? uV
L 74,73 ergs/sec cm uV
c-1071 ~ 0.350 88.8 - 58.30 x 10-6 145,8 x 106~ 19,50 W 29.90 ergs/sec cm wV -
: : : : 74,75 ergs/sec em@ uv
c-1077 0,300 78,3 42,20 x 106 105.5 x 10-6 13.80 W 30,55 ergs/sec cmd uV
| | ; - 76.38 cm? uV

erqgs/sec

The mean value is 29.86  0.30 ergs/sec em? WV out of 15 measurements.

-88-
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b. Calibration of photocell versus'the calibrated
thermopile (Figure II~SB)YI '

(i) wave1ength dependence-of the photocell

| The thermopije can be considered as a black body. It
can be used to measure the~inténsity of any lioht source because its
outnut signal depends only on the light eneray falling on its detecting
v’ surface and is independent of the wavelenqth of the light. However, the
sensitivity of the photocell varies with the wavelenqth of the light
fa]ling on its detecting surface. Figure 11-6 is a sensitivity curve of B
the photocell, The cur?evwas obtained by measuring the energy output of
the light froﬁ a monochromator firét by the thermopile’and then by the
 photocell, - . |

(ii) Light source used to calibrate the photocé11_

In order to calibrate the photocell against the'thermo-
pile, a reference light source is required. Idea]]y. the light sburce
used Shou1d be the same as‘thatvused tb illuminate the algae. As'the'.
area of'the'bhotoce11 (]5 mn x 10 nm) is different from that of the
A thermopi1e (25 mm x 10 mm), the light beam used for calibration must bé
uniform and Targe enough to cover the who1é”detectfng surface of the
. thermopile, The 1ight provided by‘the incandescent lamp and filter
.sets is too scattered to meet these requirements, | |

~ The 625 mu beam provided by a monochromator has the desired wave-
length.v However, only the central portion of the beam can be considered
'td havé'uniform intensity. Therefore, during the calibration, the thermo-
pile has to be'pIaged’far enough from the monochrdmator so that its

detecting sufface sees only the central portion of the light beam.
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x 10-3 pein/sec my

0.9 I~
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A, mu

Figure 11-6.1_Sensitivitjés_of~thevpho£oce11 at_yarious'wave1enqths,
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However, the intensity of the 1light beam becomes so low that the noise‘ v
from the environment becomes a problem. Furthermore, when compared with
the 1ight for quantum requirement measurement, the light intensity provided
by the monoéhromator is so low that it is questionable whether the sensi--
tivity of the photdce1] isvlinear over such a long range. (The intensfty
of the light provided by the incandesceﬁt lamp and filter sets is about
100 times as strong as that f}om the monochromator. )
(i14) The sun as a light source for the calibration of
the photocell
‘The sun can be considered as a pbint source of light
millions of miles aWay from Earth, The quht beam directly from the sun.
is therefore parallel and uniform. Hence, it is an ideal 1ight source
for the calibration of the photocell, ‘
In order to eliminate the scattering light in the sky, a long black
hox was buflt (6" x 6" x 4' 0") (Fiqure II-7). There are two windows
(2 ft apart) in the black box so that only collimated 1iqht.can pass
down the lenath of the box and reach the detectina surface of the thermo-
~ pile or photocell placed there. An interferehce filter and a blockina
filter vere put on one’window'whi]e an infrared absorption fi]ter was
put on the other, Thekareas of all the fiTtersiare largér than that of
the windows; Both windows héve an_Openinq.area of 50 mm x 25 mm, so that
the light beam passing through the;windOWS is large énough to'cover,thé
entire detecting surface of the thermopile (25 mmx 10 mm) or the photo-
cell (15 mm x 10 mm). | |
The black box was mounted on a wooden stand which allows the box to

be tilted so that it can face the sun as desired. An 8-ft long tube
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long tube to direct the box toward the sun

shutfer

filter

interference filter- and
IR blocking filter

thermopile
clamp “eiiiiiiiili:

\ electric wiring o <«

wooden stand'

white paper

Fiqure II-7, Lono box built to calibrate the photocell,

IR absorption‘---
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with a diameter of 3/4 in, was attached to the box with ite axis parallel
to the latter. This tube serves as a device to direct the bo* towards
the sun. |

The box was adjusted until we saw a clear circular image of the tube
on a white cardboard at the back of the tube, This indicated that the
box was fécinq the sun, The shutter on the box.was then opened, and the
sighal from the thermopile was recorded. 'The'shutter was shut and opened
again for three times, so that three readings were obtained from each |
set of measurements. AS each measurement takes only a few seconds, the
movement of thersun does not effect the precision of the measurement.
The thermopile was theh repjaced by the photoee1l and the positfon of
the box adjusted'for another set of meaeurements. | i

The amount of infrared reaching the detecting surface was hegligible.
Table II-5 gives the change in output signals upon the additfon of ‘infra-
red filters between the~1ight source and thevdetectinq surféce. The con-
stance of the (n+1)/n ratio* (n is the number of infrared absorption
filters added) indicates that there was practically ne infrared reaching
the detecting surface of the thermopile, so that the infrared filters
acted as if they were attenuation filters. Fﬁrthermore,'when a Corning
7-69 filter (which cuts away 511 light with Wavelengths longer than
700 mu) was put in front of the detectina surface, the thermopile gave
ho signa1s.» | ‘.  | |

Table II-5 shows the sensitivites of the photocell thus obtaihed,.

and that obtained by using the monochromator as the 1ight source. 'They

*See Appendix 11-B for explanation. o
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Table II-5

Ratio of the Sensitivities of the Thermopile
to that ef the Photqdiode ’

Sianal Ratio of

No. of IP Ratio Signal ~ Ratio
absorption  from the - of from the of St/Sp
filters (n) thermopile (n+1)/n photodiode (n+1)/n
(mv) | (mv) o
1 0.298 0,772 3.35. 0.78 0,089
2 0.230 0,795 2.61 0.78 0,088
3 0.183 0.781 2.04 0.79 0.090
4 0.143 0.775 1.61 0.77 0,089
5. 0.1 1.24 - 0,0895
1 0.297 0.775 3.30 0.785 0.090
2 0,230 0.783 2.59 0,786 0.089
3 0.183 0,792 2.04 0.782 0.080
4 0.145 1.€2 ‘ , 0.0895
1 0.297 0,775 . 3.30 0.78  0.090
2 0.230 0.795 2.63 0.775 . 0.875 - -
3 0.183 0.792 2.04 0.810 0.090
4 0.145 1,65 :

0.3088 g

The first set ié done in the morning (11:00); and the second set
without changing the position., The

-is done in the afternoon (2:00),

third set was done

by 10 in,

in the afternoon after the position had been changed

Mean ratio of the sensitivities of the thermopile to that of the
photodiode is 0.,0893 % 0.0007.
because this eliminated the error due to the difference in the attenua-
tion effect of the infrared filters, as all infrared filters were used.

‘However, the value of 0,0895 was chosen -

The St/Sp ratic obtained by using the monochromator as the 11qht
O 0898

'_source was 25 6 uV/285 uV

are practically of the same value.

Fiqure II-8 is a plot of the sensi-

tivities of the thermopile versus that of the photocell over various

intensities.

0 to 3400 uwV (3.4 mV) on the photocell scale.

It shows that their sensitivity ratios are constant from

This indicates that both
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Ficure 11-8, Sensitivities of thermopile and photoceﬁ_at various.

Tight intensities,
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the photocell and the thermopile vary linearly over such a range of
light intensities.

The calibration of the thermopile was done by é standard carhon lamp,
" which caused the thermopile to give signals around 30 wV, However, during
the measurement of liaht intensities by the photocell, the Tiéht source
provided by the incahdescent lamp and filters caused the photocell to
give signals around 4 mV, The'1inearity of sucﬁ a plot shows that the
calibration of the.photoceil by a.thermopi1e which had been calibrated
by the standard carbon lamp is valid.

c. Measurement by the photocell
The silicone photocell (Hoffman 2A) is a circu1ar b]ate

with a diameter of 25 mm, It was fixed on lucite bar and theh bovered
with a thin piece of qlass (1 mm). AlpieCe of screen (with negligibtle
thickness) which serves as a neutral density filter to lower fhe 1ight
vintensity so that the output signals are not too higﬁ to be kéad from
our millimicrovolt meter (Keithley 149). During the measurement, the
photocell was hressed as close as possible on the cell surface, so that
all 1ight coming from an area of 15 mm x 10 mm on the surface of the
vessel was measured, |

Rectangular plastic rulers,which had been marked for eVeryi]O ﬁm,
had been madebwith widths of 15 mm; 30 mm, and 45 mm, Therefore, an
area of 15 x 10 mm was mappéd eaéh time without overlapping on the_for-”
mer orl]atter measurements. The thickness of these plastic rulers was
the same as that of the holder of the photocell. The total area of the
vessel where the algae was illuminated was (8.8 cm)? or 77.44 cm2,

while the area mapped included 7 rows of 11 rectangles (each 10 x 15 mm),
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Cor 115,5 cml. By maﬁping a larger area than that'through which the
lioht was actually passing, we were able to measure the-smé]] amount
of light scattered to the sides as.well as the light directfy trans-
mitted.
The edge of the vessel was beveled so that light scattered to the
sida could be measured (Fiqure II-4B), The light that passed through
the edqes‘was found less than 2% of the total amount transmitted. There~
| fore, the error due tc scattering and divergence of the beam is.sma11.
Hence, instead of measuring all four edees, we multiplied the value of
one edae hy 2. This cofresbonded to the two sides, f -
The results of two sets of measurehents are shown in Tab1e‘II-6.

A and B.

Table I11-6
Light Energy Absorhed by Chlorella pyrenoidosa -

, ' . ' Sum of

A. Light measurement on cell containing 25 ml of medium (118 V) Totals
1.32 0.45 0,57 1,02 1.56 0,96 0,96 ‘1.47 1.20 0.99 0.42 1.26 10.8¢
2,79 1,02 4,80 7.50 7.20 6.10 4.40 4,30 5,90 6,50 5.30 1.40 54,42
3.00 1.20 6.60 9,00 7.40 6,10 4,70 3,90 5.80 6,20 5.40 1,52 57,92
3.00 1,20 5.30 6,90 5.60 4,60 3,30 3.10 4,00 4.40 3.90 1.10 43.40
3.00 1.50 6.40 9,00 7.20 6.00 4,10 4,20 5,20 5.50 5.20 1.40 55,70
3.12 ‘1,70 7.40 11.70 9.90 8.55 6,00 5,30 6,20 6.60 6,20 1,50 71.05
3,72 1.60 2,70 7.60 8,20 7.00 5.60 3,70 3.50 4.]0 4,35 1.80 50.05
19,86 - 343,40
x 2 39,72
39,72 (2 side edges) | o 383.12

Total: 343.40 + 39,72 = 383.12
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'1B; Light meésurement on cell containing 25'm1‘of 0.6% Chlorella

'Evrenoidosa Sum of
' o o Totals
1;08 0.40 0,70 1.35 1.56 1.50 0,50 0,96 1,50 1.25 1,05 0.45 - 11.62
1.86 0.84 5,00 8,00 7.40 -6.50 4,60 4,50 6,20 6,80 5.8 1.00 56,64
2.16 1,25 4,40 6,40 5,50 4,30 2,50 1.8 2.,90.2.,80 2.90 0,90 35,65
1.80 1.02 1.59 1.98 1.68 1.58 1,08 1,08 1.44 1,41 1.20 0,42 14,48
1.7 1.20 2.00 2.58 2.10 1.8 1.20 -1.26 1.8 1.86 1.56 0,36 17.78
2,04 1,32 2.16° 3,20 2,35 1.65 1.55 2,40 2,19 1.8 2,75 0.48 21.85
2,73 1,50 1,26 2,10 2,40 2.10 1.50. 1.]4 1,50 1.50 1.38 1.26. ‘17.64
13.38 175.66
x_ 2 2676 _
202,42

26,76 -

| Total: 175,66 + 26.76 = 202.42

2. Measurement of the rate of.photOSynth¢sis

- The heaéurement of the rate of'photosynthesis ¢onsists.df the
following steps: Ca]ibrafidﬁ of.the carbon'dioxidé analyzeﬁ,»defermina-
_tfon.of the effective volume of COp in the system, calibration of the

'oxygeh analyzer, determination of the volume of oxygen of the system,

-and -measurement of the rate of photosynthesis as the rate of oxygen evo-

lut10ﬂ.vl
‘The steps are d1scussed in more deta11 in tne fol]o“1ng
~a. Ca11brat1on of the carhon dxoxwde ana1vzer
The zero no1nt of the carbnn dioxide ana]vzer (LIDA 'ode]
200) Was adjusted w1th'n1trooen adas. Its sens1t1v1tv vas then adJusted
against a standardized mixture of air and carbon d1ox1de (3.80% vIv).
The ‘flow rate of the qas during the ca11brat1on was requlated to the B
" same value as that in the_measurement'of photosynthesis} Hovever, it

was found Jater that the f10w rate'and tota1:pfessure had very lfttle'
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effect on the sensitivity of the earbon dioxide -analyzer.
b. The effective volume of CO; in the system

| The effective volume of the system for CCp is defined as
the volume of carboh_dquide both in the aas end fn the medium (a 25 ml
buffer at pH 5.1), This was determined by puttina a known amount of
nitrogen into the closed éyStem which had been filled with a known amount
of carbon dioxide. The change in carbon dioxide level upon the intro-
duction of nitrogen nrov1ded the data For the ca1cu1at1on of the volume.

The introduction of the nitrogen into the system was done by con=
necting a 117.1 cc loop of nitrogen to ‘the system._ The vo1ume of the_.

system was calculated as follows:

Percentage of CO, before the introduction of Ny, = 9048 4
Percentage of C0, after the introduction of Ny ﬁZ%%éﬂl

Amount of C0p in the system  90,0(0.08) V = 42,0(0.04)(v+171)
Effective volume of the system for C0, V = 150.0 cc

Calculation based on other set of data gave V = 149, 151, 148,-152.
Averace 150.0,

c. Calibration of the oxygen analyzer

There are three settings in the oxyaen analyzer (Arnold 0.
Beckman,'Medef F3). Sensitivity from 0 to 25%, 0 to 5%, and 18 to 23%
can be chosen. During photosynthesis, the oxygen level of the gas‘thSe"
is close to that of the atmosphere. Hence, the setting of_18 to'23% was
choseh. The sensitiVitv of the oxygen analyzer was to be a&juSted SO
~that a full sca1e chanoe (100 d1v151ons) on the chart corresponds to a
2% change in the oxyqen 1eve1 of the svstem. In our experlment, the
oxygen level was between 20_and522%. Therefore, the zero peint in the

oxyaen ana]yzef was so adjusted that the chart'qave a readina of about'
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50 divisions when thé whole system was filled with air. (07 in air is
20,95%.) The sensitivity of the oxyoen analyzer was calibrated by
chanaing the oxygen level of the system, The following calculation
shows how this was done,

The 02 level in air is 20,95%. In a mixture of 4% COg (v/v) in air,
the 0o level is 20.95 (100-4/100) = 20.11%. Therefore, a change from
air to a mixture of 4% C0p in air results in a drop of 20.95% - 20;11%'=
0.84% in the oxygen level. 'Since'the-oxygen analyzer was to be adjusted
to have a sensitivity of 100 divisions/2% change, 0.84% change should _
agive rise to a chance of 0.84% (100vdfvisions/2%) = 42 divisions change, -

After the system was fil]ed‘with 4% C0Op, it was closed and its pres-
sure was adjusted to atmospheric pressure.‘ After the 02 and CO» leVeis
were constant (final value of CO2 was 3.8%), the system was opened to
the atmosphere. (The air conditioning system in_the room pfoVided a
very good venti]ation-for air, so that we can always assume that Ogvin
air is 20.95%.)_ After the system was filied with air, as indicated by
the chart, the system was closed and its.pressdre adjusted tp the atmos-
pheric pressure; The oxyaen analyzer was so adjusted that it gave a
difference of 42.0 (3,8/4.0) = 40 divisions from the original value
(the oxyaen level on the chart when the svstem was filled with 3.80% of
COp in air).

d. Netermination of the volume of oxvgen in the system

Instead of subtracting the effective vg1ume of €02 in thé
medium from the total effective volume, thé volume of oxygen was deter=
mined independently. This has the advantagebof elimihatinq fhe error

(if there was any) resulting from the calibratien of the sensitivity of
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the oxyaen analyzer (see Appendix II-C for explanation). The volume was
determined by calculations based on the drop in 02 Tevel when a known
amo:nt of air was ren]aced hy pure nitroaen.,

After the system was filled with air, as indicated bty a constant
1e§e1 on the recording chart, the system waS‘cldsed and its pressure
_adjusted to atmospheric pressure. After the oxygen level on the chart
was aqaiﬁ conétant, 5.0 cc of nitrogen at atmospheric pressure was
injected into the system through the medium while the stopcock R was
open to release the pressufe increase. Since the'injection was.done in
less than 2 sec, it is réasqnablé to assume that no 1njected;nitroqen'
escaned from the system, The volume of the System was obtained by the
following calculation: |

02 level Percentage
on the chart of 02

Oxvqen level before the 1n3ect1on of :
nitrogen - 48,5 divisions 20,95

Amount of oxyqen in the system hefore _
the injection 20,95% x V

Oxyaen level after the 1n1ect1on of
nitrogen 2.5 divisions 20,03

Amount of oxyagen in the system after
the injection 20,03% x V .

As the chanae in the amount of oxyqen resulted from the rep1acement

of 5. O cc of air by n1trouen, it could be ca]cuIated as fo11ows'

20,95% (V-5)/V
20,95% (5.0)

20,03

(20.95 - 20.03%) (V)
V = 10.975/0.92 = 119.3 cc
~ Calculations baséd,on other data ocave values of 120 and 121. The

average was therefore 120 cc.
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e, Measurement of the rate of photosynthesis as the rate
of oxveen evolutien and the rate of carbon dioxide
abserption
(i) Prepération'of_the algae suspension
The algae was grown in a shaking flask maintained at
- 20°C by a water.bathi The;a1gae‘was illuminated by six 90-wa£t f]ubres-
cent lamps. A gas mixture of 95% airvand 4% carbon dioxide is bubbled
through the algae culture. A‘modified Jack Myer's medium was used as
the nutrient solution (see Tabie 11-1). Under these conditions, the
fresh weight of the é]gae doubled in 12 to 16 hr. The algae was harvested
every day at 4:00 P.M, | B |
The aloae forlthe quantum requiremeht study was obtained from the
flask., It was cenFrifuged and resuspended to aive the desired density by
the further modified medium (see Table II-1), TWénty-fiyevm1cWas then put
into the cell for quantum réquirement étudy. The whole process usually
required 20 min, | |
| - (41) Hea1th of the alcae
High quantum requirement (low aquantum efficiency) may‘be
the result of measurements oh qnhea1thy alcae. In order to make sure
that the algae being studied was healthy, the alaae was allowed fo‘photo-
synthesize in white light (by removing the sets of interferehce filters).
The light intensity of the white 1ight was high enouah to cause light
saturation. The rate of oxygen evolution was calculated and compared
with known values for healthy algae. 'In»the present series of measure-
ments, all aloae under study had a rate of oxygen evolution of 35 uﬁo]es

of oxyaen/min/q of wet packed alaae, or more.
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Furthermore, we found that there was an induction period of about
12 mfn in the algae. during which its rate of oxygen evolution increased
steadily towards the steady value. Illuminafion of the algae with high
intensity white light e]ihinated the error of studying the quantum
requirement of the aloae durina the induction period.

There is no literature value for the maxihﬁm oxygen evolution rate
on the basis of moles per g of wet packéd‘alqae. .However, experience
in.this 1ab6ratory showed for unconfaminated and healthy algae the rate
of oxygen evolution is about 30 uwmoles/min/g wet packedAa1aae. The
higher rate obtained by the presenf algae 'is probably due to a higher
ch1orophy11:content of the alaae, since the quantum requirements are
still the same for alaae with 35 umoles ofioé/min/g or 40 umoles of
Oz/miﬁ/g, : whén saturated white 1iqht'fs used for illumination. Fur-
thermdre, calculation of the light-éaturated rate of oxygen evolution
on the basié of chlorophyll content* of theva1gae showed the rate of
oxygen evolution was about 250 umoles of 0Op/mg Chl/hr, |
| Senger and Bishop80 reported a low quantum requirement for a syn-
chronous Scenedesmﬁs culture. The hidhest rate achieved byfthaf'culture
was about 24.0 pmoles of Dé/min/g of wet packed algae, whicﬁ vias below
the rate achieved by our Chlorella (35.0 umoles of 02/min/a of wet packed
alnae) at saturated white 1ighf; They gave no data tb suppgrt-fhéir
obsekvation of similar results found in Chlorella. Since thé quantum
requirement in.the present expériment is about'the séme as va]ue$ found

in their synchronous Scenedesmus culture, most of our Chlorella was at

*See Appendix II-D for extraction of ch]orophy1is.
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its ‘active state of photosynthesis during the quantum requirement
measurement, |

(ii1) Rate of oxygen evolution and carbon dioxide

absorption | |
| After 12 min of‘photosynthesis in white_]ight,‘the inter-

ference filter sets were put on. Carbon dioxide was acain introducted
into the system through the inlet to raise the carbon dioxide level to
 3.5%. The system was then closed, The fate_of oxygen evolution and
- carbon dioxide uptake was measured by the oxyaen and carbon dioxide
analyzer, and the re§u1ts were automatically recorded on the chart.
Meanwhile, the light enerqy was measured by the‘photoce11. Figdfe 11-9
is the récording chart which shows the évo]ution.of oxygen and carbon
dioxide absorptibn. The corresponding rafe of enerqy absorption has
been shown in Table I1I-6, A and B.

E. Calculations

1. Sensitivity of the photocell

The sensitivity of the photocell was calculated from data in
Tables II;3 and 11;4. Table Il-3 provided the sénsitivity 6f the thermo-
pile which Was used to'éa1cu1ate the intensity of the 625 mu* beam.used
-to determine the sensitivity ratio of the thermopile and the photoéé]l.:
The following calculation shows how the sensitivity of the phptoce11 was
-obtained: -

Sensitivity of the thermopile (from Table I1-3) 29.86 ¥ 0.30'erqs/sec cm uv

Power density of the 625 mu beam in (29.86 * 0,30 ergs/sec uV) x 111 “¥
No.. 5 of the first series of measure- = 3314.60 ¥ 33 eras/sec cmé
ments : ’

(Cont.)

~ *Actually it was 627.20 mu.
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Fioure II-9, Rate of oxyaen evolution and carbon dioxide uptake by

Chlorella pyrenoidosa.

103,84 pmoles of oxygen/100 divisions
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Power of the 625 mpy beam received - (3314.60 * 33 eras/sec cm2) x 1.5 cm?
by the photocell . _ = 4971.90 ¥ 50 ergs/sec

Sensitivity of the photocell to the  (4971.90 * 50 eras/sec)/1.24 mV
625 mu beam = 4009.60 * 40 eras/sec mV

In order to measure the number of photons absorhed by the algae durina
photosynthesis, we have to express the sehsitivity of the photocell in
terms of wein/min mV. From Figure 11-1D, the weighted mean of the energies
at several wavelengths can be calculated. The calculation and results ake
shown in the following:

Energies of one wein of photons

E = 10-6Ne
= 106 N he/
= 10-6 x (6, 03 x 1023) x (6.63 x 10-27) x (3.00 x 1010) eras
(in units of cm)
= 119.94 eras/x x ]0?7 (in units of mu) = 119,94 107_erqS/A:
_ - (in units. of my)
' - Relative amount | o .
wavelenqths Amount of enerqy in the beam Eneray contribution
mu) in one wein (transm1ttance) x 104 eras)
(x 105 ergs) (%) '
615 19.50 9.0 17.55
620 o 19.35 20.0 38.70
625 19.19 22.0 : 42,22
635 18.89 18.3 34,57
7.4 13.77

640  18.74

The weighted mean of the energies of thévbeam
E = 192,51 x 10% ergs/100.65% = 191.27 x 104
The weighted mean of the wavelenaths of the beam
= 627.20 mu
The transmission band of this cdmbination of filters is so narrow

that it is reasonable to assume that the average sensitivities of the
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photocell from 605 mu to 645 mu is the same as the sensitivity at
627.20 'my (the sensitivity obtained from Tab!e 11-4),
Sensitivity of the photocell in units.of pein/min mV

(4009,50 50 eras/sec mV)/(191,27 x 104 ergs) = (209 62 * 26)
: x 10-° ue1n/sec 189

0.1258 * 0.0016 pein/sec mV

0.1258 1 0,0016 uein/min mv

2. Amount of enerqy absorbed

The amount of energy absorbed per min was ohbtained by sub-
tracting the power transmitted throuch the cell when it was filled with
30 m1 of 0.4% algae suspension from that when it was filled with 30 ml
of suspension medium, _ . |

From Tahle II-6A, the power transmitted through tée cell filled
with 25 ml of suspension medium was 383. 12 mV as measured by the photo~
'ce11 This corresponds to (0,1258 ue1n/m1n mV) X (383 12 mV) 48,20
pein/min, From Table 1I-68, the power transmitted through the cell
filled with 25 ml of 0.6% Chlorella suspension was 202,42 mV as measured
by the photocell. This corresponds to (0.1258 uein/min mv) x (202.42 mv)

= 25.46 pein/min. Therefore, the power absorbed by the Chlorella was

48,20 - 25,46~ = 22,74 uein/min,

3.° Rate of oxygen eVo1ution

The chart in Figure II-9 provided the data for the calculation
of the rate of oxygen evolution. The slope of the line Cbrresponding to -
oxygen evolution is (65-31) divisions/16 min = 2,125 divisions/min.
The volume of oxyaen evolved per min is therefore: |

(2 125 x 91/100) x (2.12/100) x 120 m! = 54.06 x 10-3 ml/min
= 54,06 ul/min
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- Since one umole of oxygen at 20°C and 1 atm, is 24,50 ul, the rate of

okygen evolution in terms of_umoles per min is (54,06/24,5) = 2,207
umoies/min. |

4. Quantum requirement for oxygen evolution

Since quantum requirement is defined as the number of photons

required to evolve one molecule of oxygen from water, it is obtained by

dividing the rate of energy absorption by the rate of oxygen evolution.

0. R. = (rate of energy absorption)/(rate of oxygen absorption)

(22.74 wein/min)/(2.207 umoles/min)

10,30 pein/umole
F. Results

1. Accuracy of the measurements .

i

The uncertainty in the 1ight measurement due tovthe:talibkation
of sensitivity of the photocell is estimated to be 0.1258 * 0,0016
pein/min mv, or ¥ 1.2%. The measurement of 1jght eneray tranSmiﬁted
through the algae cell when it contains only nutriént mediumiwas found
to vary less than 1% in measurements made before and after the photoé
synthesié experiment. In a typical experiment, about half as much light
would be trah#mitted through the algae suspension:. In this case, there
would be still a 1% possible error in measured lfqht. leading to an
error of ¥ 0.5% of thé light energy coming through the cell without
algae. Consequently..this‘gives a maximum error of t 1.5% of théi1ight
transmitted through the cell without algae or % 3% of the light energy
calculated to be absorbed by the algae. The combined uncertainty'in the’
measurement of_photosynthetic‘rate all comes froh the uncertainty'invthe

determination of the'oxygen volume ofvthe>sy5tem.-which is at most 2%)
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Therefore, the maximum error of the quantum requirement measurement is
. estimated at ¥ 6%,

‘2.' Quantum requirements

The results of a number of quantum requirement measuremgnts
made under the conditions described are summarized‘in'Tab1e-II-7;
iA]though the respiration rates found in the darkness following a period
of photosynthesis are shown, it is emphasized that no ;orrection for
respiration has ‘been made and that the quantum requirementé}shown fﬁ
the 6th and 7th columns of the table are based solely dn gas exchange
’raté'in the Iight and light absorption. The 2nd column shoWé the inci-
dent 1ight intensity which varies over a twofold range of intensity,‘
while the 1st column shows the algae density which also was varied over
a twofold range. The 3rd column shows that the rate of energy absorption
varied over a threefold range. The relative narrowneés of this range is

dictated by the fact that the only really valid fegion for studying

quantum requirements is between those intensities where the rate of

photosynthesis is already'several.times dark respiration and those intensi-

ties at which further increase in light does not cause a proportional
increase in photosynthetic rate'(approaching saturation). The values of
the quantum requiremént for oxygen evolution range from 9.0 up to 14.0,
‘with the lower values denerally being found with the lower density of
algae (44 to 51% absorption). There is consfderablé variation in the .
photosynthetic quotient with the value of the ratio C02/02 aenerally
decreasina at higher Tight intensities.

In Table II-S are shown the results of quantum reouirement méasure-

ments which were made earlier and in which the photocell was Ca]ibrated'

£ Y



Table 117
Results of Quantum Requirement Measurements
Tncident _ _ Rate of ' “(uantum requirement
Density Light Absorption for Respiration
of  Intensity . 02 evolution - C02 absorption ) evo]utlon COZ absorpt1on A
Aloae uein/min “uein/min umoles/min umoles/min umoles 0»/min
0.3 24.8 8.0  0.74 0.75 w07
| 1.8 0.8 1.0 1.09 9.8 9.9
©36.7 13.5 1.25 1.15 10.8 1.7 0.22%
22 w4 e 123 9.0 LT 006w
0.4 = 33.0 1.5 1,19 1.26 9.6 9.1
40,6 - 17.7 1;82 1.57 Y 11,3
49.4 24,2 2,07 S 1.65 1.7 14,7 - 0.28*
55,5 . 25,1 20 184 M9 13.6 |
0.6 39.1 20,0 16,10 13.8 2.4 6.1 |
48,2 . 227 22,25 w03 13.2 0.11%%

*Respiration during‘f1r$t 4 min after'photosynthesis

**Respiration between 8 min and 30 min

~19-



Table 11-8

Summary of the'Results of Quantum‘Rquirement Measurements
Quantum Requirement
- for
COo absorption

Incident Light Absorption
Density . Intensity pein/min Rate of
of pein/min before after 02 co, 0o evolution
Algae before after correction correction evolution absorption before after - = before after
correction corréction’ B "~ umoles/min umoles/min correction correction correction correction
0.35 32,73 42,50 10,64 13.85 1.29 - 1.07 8.24 10;70 10,0 13.0
40,03 - 58,60 15,19 19.70 - 1.62 1.24 9.41 12.25 12,3 16.0
0.4. 30,92 40,20 10,81 14,10 - 1.60 1.53 6,77 8.82 7.07 9.20
42,40 55,20 118,30 23.80 2.33 197 7.87 10,25 9.28 12,05
0.5 - 20,22 26,00 10.67 13.90 1.49 | 1,14 7.14 9,30 . 9,36 12,20
48,85 63.51 24,60 . 32,00 - 3.43 2,54 7.05 9.16 9.53 ~  12.40

-Zg—
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by a method similar to that descr1bed by Bassham and Sh1bata.73 In
’.that method the thermop11e was calibrated f1rst aqa1nst the standard
lamp, as is usually done, but then a p1ece of opal glass was placed in
front of the standard lamp as a diffuser and a new sensitivity was
determined. It was then assumed that as long as the opal glass was in
place, causing diffusion of the incident light, the thermopile could

.be used for direct measurement of scattered light. :The correctness of
‘this method rests on the asSumption that the opal glass will uniformly
scatter light to the same dégree irrespective of ité incident scattered
or para]]e]-chafacteristics. Unfortunate1y, wffh the opal glass avail-
able to us in the present study, which we believed to be simi]ar.to that
ﬁsed in the earlier study,’/3 it was found that this assumption-wés not
comp1ete1y valid. Thus, whén tﬁe‘photoce11 was calibrated aéainst the
opa1 olass-equ1pped thermopile, it was found that7a 30% lower‘Eehsitivity
was obtained as compared with ca11brat1on aqa1nst the thermop11e w1th no
q1ffuser. Thus the values of the quantum requirement obtained using the
low sensitivity had to be corrected upward as indiéated in Table II-8.
It seems 1ikely that the values reported by Bassham and Shibata also
should be corrected upward by about 30%, in which case the reported
value of 7.5 would become 9.8, | |

| G, Discussion
The reliability of,meésurements of‘the quantum requirement of photq-

-syntheSis depends on accurate determination of thé rate of 1ight aBsorp-
'tfon and on accurate determination of the evolution of bxygen énd'uptake
of carbon dioxide. The use of non-manométric techniques of detéfmining

the gas exchanee by means of instruments which independently measure the
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/ éhangesjin_Oquen ahd COQ tension are well established aud re1fab1e.‘
Provided care is taken in the ca]iErat{on‘OF the instrumeuts ahd'deter~
mination of the effective volume of the system, measuremehts with an
_ accuracy of + 2% can be obtained. However, the use of these instru-
ments ehtai)s the requ{kemént for photosynthesis by a substantial,amount" o
: of'p]ant material, and tﬁis imposes new probléms'of arranging a light
”*éource with'a”harrowvwave1ength band'and:measuued inténSity over a rela-
tiuelyilarge area to provide ratesvof photosynthesis.which exceed
several-fo]d’rates of'daFP'réSpiration. At the same.time many problems
ar1se w1th respect to accurate determ1nat1on of the absorbed 11ght enerqy;.,
since both the ce]] to conta1n the 1arqe sample of p]ant materxa] and
~the plants themselves tend to diffuse and scatter the supplied 1ight.
Final]y; the méasurement-of.the scattered 1iuht:%t§e1f presents: some
prob]em since the pr1mary detector. the thermop11e used for the measure- '
‘ment of 1ight enerqy, cannot be used d1rect1y to measure . scattered 11cht
'By using a_secondary detect1ng devmce,”the surface of whxch<can be placed
directly in confact wfth_the'area over which Iighi flux must be measured,
and by carefully‘caIfbratiug_the secondary détéétbr agaihét,the thermo-
pile;_and'by ac;ufafe‘mappﬁhg of afl of tha ]ight_flux paﬁéing‘through
the ce11‘cohtainino'fhe aicae, it.is possib1é to determine the‘absorbed |
' 11oht with an error of not creater than 4%,

Equally seruous for cons1derat1ons of the theoret1ca1 mxnxmum quantum
requ1rement of photosynthes1s is the requirement that the most active and
efficient poss1b1e plants be se]ected. This requ]rement;can at 1east be

- approached by the selection Qf]Ch]oré11a~gy%énoidosa cultured in su¢h a
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way that tﬁeir rate of oxyaen evelution pef mg'chlorophy11 is close to
the maximum that has been reported for any green plants, _After all this
has been done, we find the minimum measurable requirement for oxygen
evolution to be arbund 9, similar to what many other wokkers have
reported in the past. _ | |
. In Figure 11-10, all quantum requirements from Tables II-7 and
iI-8 have been plotted versus rate of light energy absorption per cm3
ofva1§ae. There appears to be no dependence on rate of light absorption
over the range used in ouf experiments. Thus We can rule out the}pos-
sibility that partial se1f-shadihg at the 1ower light intensfties,caused

higher quantum'requirement; In fact; the independence'o¥ quantum require-

ment versus rate of light absorption_a1sé.érgues'against the need for

any respiration correction, since such a correction would be more

_important at the Tower 1ight ébsprption rate as compared with the higher

light absorption rate.

'Probably,»1iqht respiration in Chlorella pyrenoidosa is insignifi-
cant compared with the rate of photosynthesis. Tracer studies with 32p

and 14C during photosynthesis and in darkness with Chlorella pyrenoidosa8!

indicated that there is a switch from photosynthetic metabolism to dark

metabolism. Glycolysis and oxidative bentose phosphate cycle are

apparently inactive in the 1ight'but become active in the dark, using -
the same metabolic pools as were used‘in photosynthesis in the light.
It appears that ATP can diffuse rapidly in and out of chloroplasts.

Thus, ATP is available to the entire}p1ént cell from photbsyntheSis_in

the Tight and from respiration in the dark. The requirement for ATP for

non-photosynthetic processes, as well as synthesis inside the chloroplast,
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is probably met in part by‘cyc1i¢ photophosphorvlation, 'Depending on
such additional requirement for ATP and on the quantum efficféncy of
cyc1ic photophosphorylation, the tota]'quanfum requirement of photosyn-

thesis will be increased above the theoretical 8 predicted by the two

‘Tiaht steps, one photon per electron scheme,

Pért of this chapter has been published in Biochim, Biophys. Acta

162, 254 (1968).



ITT.. THE EFFECT OF LIGHT QUALITY ON PHOTOSYNTHETIC PRODUCT DISTRIBUTION

‘A. Discussion of the Experiment

1. Comparison between the two hypotheses on photoe]ectrqn
transport | | |
In,Chapter‘I. it has been shown that among the diffefent opinions
on the primary quantum conversion process."6 the "photolyt" hypothe-
sis’+8 and the Hill-Bendall scheme are thé two typical ones. The fol-
Jowing table is a comparison between these twb hypotheses on several
aspects of photosynfhesis:
| Table III-1
Comparison of the "Photolyt® Hypothesis with thq'Hi11fBenda11 Scheme

Aspects of —
‘Photosynthesis "Photolyt" hypothesis Hi11-Bendall scheme
Primary 3[HpC05*] M 3[CH,0] + 3 0, P-700 DXy p-700* + e
process N Fdttt + e —=y Fdt++

Qs gt +e |

ot + OH" =3 1/2 Ho0 +.1/4 0, + Q
Origin of oxygen : o , - o
evolved from CO, N from Ho0

Quantum requirement
of photosynthesis 4 or less at least 8 -

Photophosphorylation Oxidafive. The enerqgy Reductive and cyclic. In
required for phosphory- non-cyclic photophosphory-

lation is provided by lation ATP is generated with
the oxidation of carbo- the reduction of NADP to
hydrates. NADPH., Cyclic photophos-

phorylation ATP generation
without any net electron
transport.

Table ITI-1 indicates that the validity of these two hypotheses can

be verified by
(i) isotopic studies on the origin of the 02 evolved
(i1) quantum requirement measurements _
(iii) denendence of photophosphorylation on the quality
of the illuminating 1ight
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Isotop1c studies on the or1g1n of 02 evolved haJ been done.”5  How-
ever. 1t is subjected to the aroument that there is a rapwd exchanqe of
the oxygen atoms between H20 and (202..'5 S1nce inside the 11v1ng p]ant
the awount of lgO is always more than that of COZ, isotopic studies on.
the origin of the 0o evolved will alvays give the isotopic species of
Ho0 even if the Og_ev01Ved is or1g1nated from C02.

The quantum requirementnmeasurement ié»certain1y one of theibesf
: ways to test the validity of these fno hypetheses. However, in spite
of 40 years' work on the determination nf‘quantum requfrement in photoe
synthesis, there is still no cone]usive opinion on this important num-
bef;24 In Chapter 1T, the quantum recuirement of photnsynthesis has
been determined and all of 1£5 va]ues'arevabove 8. However, there are
alvays arqunents on_the-correction for resniration,24 which will chanae
fhe value of this nurber, | : | | ’7

The dependence of'photophosphorylatibn.on'the.quality of 1ight
prevides a new wey to test these tno hypbtheées, and therefore n}ovides'

the impetus for the present experiments,

2. Dependence of bhotephosnhorylation onrthe quality of 1ioht
| Accordina to the "photolyt" hypothesis, the energy required for
phospnory1ation is provided by oxidation. Therefere; the amount of ATP
produced,ShQuId be independent of the_wavejength of the light used, éo |
long as the‘light does not stimu]afe any snecialbenzymetic reaction;.82:83
eHoweyen. the Hi]]nBendali scheme of photoe?ectron transport consists of
twn.light'reactions,ephotoreaction I and photoreaction II,"Some of the
eneray released in the dark reactions conneeting‘the two light reactions_

is conserved as ATP., This process is called photophosnhorviation.
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Studies on chloroplasts have shown that there are two kinds of photo~

: phosphonylation; Nen~cyclic photophosphorylation is defined as a process
in which ATP is generated from ADP and inorganic phosphate whgn-e]ectfons
are transported from water to the terminal electron acceptor NADP*. There
is also cyclic photophosphorylation mediated only.by-photoreaétion I,
which can be selectively promoted by far red light with wavelengths too
long to promote photereaction_ll.71 (See Figure IlI-1,) 1If this is

also the case ig;!igg.thé amount of phosphory1ation in vivo can be
varied by light with different wavelengths which promote different
amounts of photophdsphory1atioh I and lead to different amouﬁts of cyclic
photophosphorylation. Hence, a study of the éffeﬁt'of light quality on |
the variation of cyclic photophosphorylation can serve to diStfnguish

between the two hypotheses.

3. ‘Measurement‘of‘photophnsphoryIation

Since ATP serves as an energy éurrenty fof reaction§ requiring
phosphorylation, it is generated.vused. and regenerated during the
process of pnotosynthesis. It ié therefore impractical, if not impos-
sible, to measure the amount of photophosphorylation by determining the
amount of ATP formed. Hence, the amount of phosphorylation has to be
determined indirectly. ' | | |

Since ATP and NADPH are the assimilating power of photosyntﬁesis,

a varfation of their ratio will lead to a variation of the bﬁdtosynthetic
products, because the synthesis of different products requires different
-amounté of them. Based on the photosynthetit carbon reduction cycle pro-

posed by Bassham and Calvin,”s8 and the known pathways for the synthesis
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of various products,9-12 the cofactor recuirement for the incorporation
of one carbon atom into suaars, polysaccharides, amino acids, proteins,

and Tipids has been calculated and shown in Table ITI-2,*

Table I11-2
Cofactor Requirement for the Synthesis of Carbon Compounds

Startina from C0p

Cofactors Ratic

‘Substance ATP— NWADPH  ATP/MADPH " Remarks

Po]ysaccharideé“ 3-1/6 2 1,58 e.d., starch, sucrose

Fatty acid 4 3 - 1.33

Amino acid 2-1/3  1-3/4 1.33 NH3 is used as source of

. : nitrogen .

Protein 2-2/3 1-3/4 1.53 Assuming 3 carbon atoms
_ ‘ ' _per nitrogen ‘

Amino acid 2-1/3 3 0.77 = NO3~ is used as source of

_ _ nitrogen
Protein - 2-2/3 3 0.89 Assuming 3 carbon atoms

per nitroaen

4, Indirect measurement of photophosphorylation

Table II1I-2 shows the cofactor requirement for the produttion
of fatty'acids. and polysaccharides starting from COp. The eneray

requifed for the transport of these compounds from one part of the cell

to the other is assumed to be small and is neglected. Hencé; Table III-2 -

.gives only a qualitative idea about the cofactor requirement for the
" production of various compounds. However, it does show that a lower

ratio of ATP/NADPH favors the synthesis of fatty acids and proteins vhile

*See Appendix II1 for calculation.

-l
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a high ratio favors the synthesis of polysaccharides.
Since a high ratio of ATP/NADPH favors the production of poly-

saccharides and a low ratio, amino acids, and lipids, a comparison of
‘the phofosynthetic_products can be used as an indication of additional
- ATP producfion by cyclic’photophosphoryiafion. Sinée cyclic_photophos-
phorylation is linked to photoreaction I, a high ratio of ATP/NADPchould'
be achieved by illuminating the plant with long wavelength red 1ight which E
is préferentia]]y absorbed by photosyster I and used for,photoreactipn I.
Hence a comparison of the'photosyhthetic product distribution of plants
illuminated with 1ight of Tong wavelength red and of short wave1enqtﬁ
red would p}ovide evidence concerning the existence of cyc]ié photophos-
phorylation jg_!i!g,rwhich.in turn gives us additional evidence of the

existence of two .light reactions.

B, Materials and Methods

1. Choice of plant

The unicellular alqae Ch]oréila pyrenoidosa is usua]Ty éhosen
~for the studies of photosynthesis7 because N |
(i) they are small, so that a large number is used:for the
study aﬁd, therefore, the‘uncertaintigs due tovindividual
variation are eliminated;
(i) théy'have a very high photosynthetic fate. so that enough
- products ére formed in a short period; and
; (iii)'they are eési]y available and can survive over:a wide ranae
| of variation in temperature, pH. and nutrient supply.
in order to study the effect of 1ight cuality on product,distribu-

tion, one would like to choose the kind of areen nlant in which the
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absorption peaks of the major'pigmeht (ch1orophy11 a) and that of the
accessory pigment* are faf apart, so thaf a laraer difference in product
distribution can be observed. Hdwever. the accessory pigmenf in "
Chlorella is ch1orqphy11 b, the absorption peak of which overlaps with |
that of ch1orophy11 a to such a great extent.that there is only one major

absorption peak which appeafs in the absorption spectrum of'Chlbré11a

| pyrenoidosa. Therefore, Chlorella pyrenoidosa does not seem to be a ’
suitable algae for the present purbose. -

. A1gae witﬁ accessory piaments whose absorption peaks are far éhart
from that of chlorophy11 a are available. However. some of thehvare o)
delicate that they cannot surVive a small chahge in their envikonmenta1
conditions, For example, the absorption peaks of phycocyanine and

chlorophyll a are far apart in Porphyridium cruehtum.84 However,

Porphyridium has to be suspended in a solution whose salt content is so

high that they are not suitable for later analysis by paper'chroma-
tography._ ' | |

Among algae with the accessory pigment separatéd from'chlorophyil.g,v

Anacystis nidulans was found to be the most suitable one for the presént :

purpose. The absorption spectrum of Anacystis nidulans (Figure I111-2A)

shows that the absorption peaks of chlorophyll a and the accessdky,pigf"
ment have a wider separation than those in Chlorella (Figure III-ZB).
Furthermore, the salt content of the suspension medium for“Anaczstis
nidulans is 10w'enough for later analysis,of.photoéynthetic products

by paper chromatography.

*The accessory piament in photosystem II, Light absdfbed\ﬁy this acces=-

sory piqmént can be used to promote photoreaction 11 effectively.
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Fiqure 111-2A, Absorption spectrum of Anacystis nidulans,
2B, Absorption spectrum of Chlorella cells.85 |
(Obtained using the Cary Model 14M spectrometer equipped

with a Model 1462 scattered transmission attachment)



-76-

In the present experiment, both Chlorella and‘Anagystis n{du]ans

were chosen because we wanted to see if a wider separation in the absorp-
- tion peaks of chlorophyll a and the accessory pigment leads to a greater
" difference in phetosynthetic product distribution.

2. Light sources

Of the two light beams used to illuminate the twin cell, one
should be strongly absorbed by photosystem I while the other by photo-
system 11, The transmission spectra of the filter sets used to provide
these two 1ight beams are shown in Fiqure III-3. The 680 f 10 mu beam
should be stronqly absorbed by photosystem: I, which contains mostly
chlorophyll a, while the 630 f 10 mu heam by photosystem 11, which con-
tains mostly the accessory pigment for photosynthesis.*

Light sources are provided by incandescent lamps with interference
filter sets to get the desired anelengths. Infrared ébsorption filters
ére-p1aced between the incandescent lamp and the interferende filter sets
to cuf down the large quanfity of infrared from the incandescence 1amp;
Both the interference filter sets and the infrared absorption fiItefs :
are cooled by running water. This set-up also provides coo1ingvfor'the‘
alagae suspension in the twin cell. |

3. Experimental set-up

FigUre I11-4 is a schematic diacram of the apparatus used for

the_préseht experimeht-éi;e.. the steady-stateapparatusa1 With the twin

*In Chlorella, the accessory piqmént is chlorophyll b, while that in

Anacystis nidulans iS‘phycoerythrin.
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cell mod1f1cat1ons. _

In order to ensure that the difference in photosvnthet1c product
distribution is solely due‘tq the difference in the quality of the light |
used,‘the'photosynthetic product should be'obteined from alcae photosyn-
thesizinq under all'other identical aspects of photosynthesis. The ' |
algae should be of the same age, photosynthesizing undef the same level
of COp and temperature, The ideal way to achieve these requirements'is
to have the algae photosynthesize in a "twin cell", where algae in dif-
ferent compartments are illuminated by different light beams but with
‘a1l other conditions identical. ) |

The advantages of using the twin cell are:

‘(i) Since the alaae in the two compartments can be originated from
the sahe suspension, they are identical with respect to age and dénsity;.

(ii) Since there is only one gas nhase the algae are photosynthe-
sizing under the same level of C02 and 02. o 7

(iii) The present CO, analyzer has a d1fferent sens1t1v1ty for 14C02
and 12C02. Therefore, there are always amb1gu1t1es in the radiocactive
specificity of the C0p inside the’system. This leads to uncertainties
in calculating the absolute amount of photosynthetic producfs formed.
Since the "twin cell" has only one gas phase, such ambiguities are elimi-
nated. |

4, Experimental procedures

a. Preparation of algae suspension -
Two hundred ml of the algae suspension from the culture
flask was centrifuged at 1000 g for 5 min, The algae from the centri-

fuge bottle were then transferred to a 12-ml cenfrifuqe tube and

LA En
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centrifuged at 1500 g for 10 min. The alqae wefe then resuspended to

the desired density* by a suitable medium, 0ne~th6usandth M of KHaPO,

| was used for Chlorella pyrenoidosa, and the medium for Anacystis nidulans

" has the following composition:

Components ’ ‘Concentration
Mq504-7H20 1.0 mM

KNO 9.9 mM
Sodium citrate 0.165 g/liter
KH POQ 7.3 mM

Arnon S A=g** 1.0 m1/11ter
Fe EDTA 0.0

.01 g/liter

b. Cold experfments- |

Priof to the studies of.photosynthetic proddct,distributioh
by using radioactive 14602'a§3a trécer. a "cold experiment" was run so

as to find out the light intensities at which the algae inﬁdifferent

compartmentsvdf the twin cell photosynthesize at similar rates. This

was done by filling one cell with the 51gae suspénsibn and the other withv'
the suspension medium. The intensity.Of the beam il]uminating the aloae
was varied by changing the voltagé applied.to the lamp. Thé photosyn=

thetic rates of the algae at various voltages. of fhe Tamp wefe recqrded.

After this was ddne. a fresh batch of algae was put into the other com-

~ partment, and the photosynthetic rates were recorded in a similar manner,

*In the present study, the suspens1on dens1ty of Ch1ore11a is 0.6% and

that of Anacystis n1du1ans is 0.4%,

**Composition of Arnon's A-4: Components - Concentration
o . : CUS%ZTSH“U | 0.079 /1
H4B03 & 2.86 a/1-
MnC] 4H20 1.8 a/l1-
ZnSO4 TH0 0,222 g/
CoClp. 6H20 ‘ 0.040 q/1

Mo03 0,015 g/
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From tﬁése two sets of data, the voltages of the lamps at which- the
| algae ih the two different compartments photosynthesize at similar
rates were chosen for later studies,
c. Hot experiments (experiments with radicactive material
as tracer) B
Thirty=-five m] of algae suspension were added to each com=
partment of the twin cell. The algae were a]lowed_to photosynthesize
in their corresponding 11ght beams for a period of 15 min so as to see
whether they are healthy or not. The lamps were then turned off for
3 min, during which 140, was fntroduced into the system and hfxed with
thev12C02 already present. Light was turned on again and samples were
taken every 5 min for a period of 50 min. - .

Sampling was done by usan a syr1nge-11ke f111er which was able to
transfer a preset volume of_q]gae_suspens1on to a prewe1ghed~te§t tube
containinq 4 ml of methandl‘fo ki11 the algae. }The-tesi'tubés wére:
.weighed again to obtain the exact we1qht of the algae suspen51on.

5, Analysis '"
a. Total 14C fixed |
The algae suspension fﬁjmethanol'was shaken vigorously and
500 ul of the suspensionwas.transfefred to a tesi'tube,vwhe}e 30 m1 of
1N sulfuric acid was added, After vigorously shaking, 500 w1 of this
suspehsion was transferred to a scintillation vial, where 18 m1 of
scintillation so1qtion B* wa$ added. After vigorously shaking, the

via],was put into the scintillation counter to he counted for 1 min, It

*Composition of scintillation solution B: ~ 13,5 q PPO - 750 ml ethyl alcohol
c 0.3 g POPOP in 1050 ml toluene
150.0 ¢

na?htha- 1200 m p-d1oxane '
PPO is trade name for 2,5-diphenyl oxazole. ene

POPOP is trade name for 1,4-bis~ 2(4-methv1 5~phenyloxazoly1)-benzene.,
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was found that the suspension did not settle out too much in a per1od
of 1 hr, because the counting rate was practically the same after a
period of 1-hr. The rate of 14C fixation was obtained by plotting the
umoles of 14¢ f1xed per gram of aloae versus time.
’B. Suaars and free amino acids
Suqars, amino acids, and organic acids were isolated by two--
d1mens1onal paper chromatoqraphy as descr1bed by Bassham et al. 7, The
various compounds on the paper were 1ocated and identified by auto-= '
radioqraphy. Portions of the paper containing the various compounds
were cut out and counted by Ce1qer-Mﬂ11er counter to determine the tota]
amount of 14C in that compound
| Prote1ns (as 1nso]ub1e amino acids)
" The prote1ns were analyzed as 1nsolub1e amino acids by
methods descr1bed by Bassham et a1 88
' ~d. Lipids '
The lipids were extracted by a solution of chloroform and
methano]89 90 (chloroform:methanol = 2:1) in the f0110w1ng way:

To 500 w1 of the sample (as algae suspension in methanol) a drop

of 3 N sulfuric acid was added. This changed all free amino acids into

the positively charaed ammonium fon while the fatty acids were in the
uncharged form ét this pH., Eight-tenths ml of ch1oroform;was'added 50

that the ratio of chloroform to methanol in solution was 2:1., Enouah

chloroform:methanol solution was added until a one-phase solution

resulted. The solution was again let stand for 2 hr with occasional

shaking. The organic layer (chloroform) was transferred to a preweighed
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culture tube, The inorganic layer was later extracted three times with'
chloroform. The extract was also transferred to the culture tube_ahd
comhined with the previous extract in the organic layer. The culture
tube was weiaghed to obtain the toté] amount of chloroform extract trans-
ferred.

Five-tenths gram of anhydrdus sodium sulfate was added to each
tube and shaken to remove any water that was in the extract. The‘fubes
were then centr1fuqed at 2500 ¢ for 15 m1n. Five'ﬁundfed ul of the
extract was transferred to a sc1nt111at1on v1a1 and ]et stand overn1ght
to evaporate all the chloroform, a very strona quenching agegt. E1ghteen
ml of scintillation solution A* was added to each vial for séinti11ation
‘counting,

C. Results |

1. Total 14¢ fixation :

a. By Anacystis niduTans _ _

Figure III-SA shows the rates of 14¢ fixation by Ahaczstis
‘nidulans illuminated by the 630 mu and 680 mu Tight. The points repre-
senting total 14C fixation by the algae under these two kinds of illumi-
nation practically fall on one line. This indicates that the rate of
14C fixation is the same under either source of 11qht

b. By Chlorella - v | »

Figure TI1-58 shows that the rate of total 14C fixation by
Chlorella is faster under the illumination of 680 mu light than that

*Composition of scintillation solution A: 4.5 g of PPO and 0.1 g of POPOP_'

| in 1.0 liter of toluene.

i
K
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under the 630 mu one. This must be put into consideration for later

comparison of the photosyhthetic product distribution.

2, The incorporation of 14C into lipids

a. By Anacystis nidulans - |

Figure II1I1-6A shows the. rates of 14C incorporation into

the algae lipids by Anacystié'nidu1ahs i1luminated by 630 mu and 680 mu

light. The two curves are para11e1 with the 630 mu curve slightly above
the 680 mu one. The fact that these two curves are parallel indicates
that the ﬁodes of lipid synthesis are identical in the two cases;. Since
the two curves are parallel, the rates of 14C incorporation undef the
illumination of tvio kinds of light are the same. Howevér, the 630 mu
curve is above the 680 mu onej the induction period of 1ipid synthesis
‘is probably shorter under 630 mu light illumination than that under the

' 680 mu one,

3. The incorporation of 14C into proteins (as insoluble amino
acids)

a. By Anacystis nidulans

The curves shown in Figure I11-7 (A to C) give the rates
of l4¢ incorporation into some of the insoluble amino acids. It can be
seen that the rates of 14C incorporation into these insoluble amino |
acids ére.practica11y the same for algae under the illumination of |
630 mu and 680 my Tight, - |

b. By Chlorella

The rates of 14¢C incorporation into some of the inso1ub1é
amiho acids are shown in Figure II1-8 (A and B). In Figure III-8A the

points of both the 630 mu and 680 mu licht fall on one line, while in
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Figure IT11-8B the two curves are parallel with the 630 mu one above the
680 mu one. Judging from the fact that the total 14¢ fixation was
faster for the 680 mu light illuminated algae, the rate of 14¢ incor-
poration into these insoluble amino acids are s]ightly faster in photo-"
synthesis by Chlorella under the illumination of 630 mu light. Never-
theless, within expected experimental errbr.‘one cannot take sﬁch dif=
ference as a very significant one. |

4. The incorporation of 14C into polysaccharides

a. By Anacystis nidulans
Sucrose and UDPG are taken as representative compounds of

polysaccharides, Figure II1I~9 (A_and B) shows the rates.of“4c incor-

poration into'sucrose and UDPG dﬁring Anacystis nidulans photosynthesis.
: According to the pfedictions in ChapterVIV, more sucrose.and UDPG are
expected to be formed in the 680 mu light. However, the rates of T4¢
incorporation into these compounds are the same for 630 mu and 680 mu
light i1luminated alqae. |
~ b. By Chlorella

Fiaure I11-10 (A and.B) shows that more 14C was incorporated
" into sucrose and UDPG in the photosynthesis carried out by:Chlorella
~under the 1T1uminétion of 680 mu light, However, compared with the rate
" of total l4c fixatfon, the differences in the relative rates{of-]4c
fncorpOrated into sucrose andvUDPG during thg photosynthesisﬁby

‘Chlorélla are very small,
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5. The incorporatien of 14C into sugar phosphates and organic

acids

By Anacystis nidulans

The patterns of 14¢ 1ncorporat10n 1nto various photosyn-

thetic intermed1ates duryng photosynthesis, carr1ed‘out by Anacystis nidu-
lans, are shown in Ficure I11-11. Figure IIIST1 (A, B, and C) shows that
the initial rates of 1ncorporat1on, as well as the final steady 1eve15
of 14C in PGA, suqar monophosphates. and sugar d1ph05phates. are practi-
cally the same for algae under the i1lumination of either the 630 mu or
the 680 mu light. 'Figﬁre II1-11 (D and E) shows that the same results
are found in maifc.and citric acids photosynthésized by algae(under the
~illumination of 630 mu or 680 mu 1ight. |
b. By Chlorella 1 |
The ¢ labéling_patternsfand'the'fina1 steady-stétélieVels
~ of PGA, sugar monophoéphates. and sugarvdiphOSphates under the illuymi-
nation of 630 mu and 680 mu light are shown in F1gure I11-12, The
h1qher steady-state levels of these compounds under the 111um1nation of
680 mu light are probably due to the h1gher.14c fixation ratg under the
i1umination of 680 my Tight. | o |
Together with the results of these compOunds formed in Anacystis

‘nidulans photosynthesis, it'indicates that the pool: size of the various
intermediates in the photosynthetic reduction cycle aré closely rélated
to the overall photosynthetic rate.,- This result is consisteht with the
| opinion of Bassham et al. that most of the CO2 goes into the algae v1a

the photosynthetlc carbon reduction cycle. .

&
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6. The incorporation of '4C into amino acids

a. By Anacystis nidulans

The 14C incorporation curves of alanine, alutamic acid,
gjycine.vand serine are shdwﬁ in Figure I1I-13. These curvés indicate
that there is hardly any difference in the rate of synthesis of these
amino acids under the influence of these two different kinds of 1i§ht.
This implies that the algae provide the same ratio of ATP/NADPH for
amino acid syhthesis under‘fhe i]lumfnatinn of these two kinds of
light. |

b._ By Cﬁ1ofel1a

In Figure III-14, theII4C incorporation curves of glutamine,
giutamic acid, and aspartic acid are shown; The "riée and fall" pattern
of these curves indiéates that the pretein synthesis did not start imme-
diately after the 1fght Was turried on. The 1éve1s of the free amino
acids therefore rose to a maximum and:then deciined to a steady=-state
level, The fact that the peaks of the 630 mu curves are hicher than
those of the 680 mu ones suggested one df_thé.fbl1owing two possibili-
ties. |
| (i) The protein synthesis of 680 mu light illuminated Chlorella
reached its maximum rate faster than those bf the 630 mu 1ight illumi-
“nated one. Therefofe,_the Tevels of thé free amino écids of the 680 my
1ight'111Umiﬁéted'Ch1oré11avbeqan to drop earlier than those of the |
630 mu illuminated one. ConSequent]y. the peaks bf thev680 mu curves
are lower than those of the 630 mu ones. If this is the case, the rate

of V4 incorporation into insoluble amino acids (proteins) should be

higher when Chlorella is illuminated by 680 mu light. HoWever, the
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pfesent data of 14c incorporation of inso]ub]é amino acids do not sup-
port this explanation. |

(i1) The rate‘of'free amino acid synthesis reached its max imum
_earlier in 630 mu light, so fhat the initial levels of free amino acids
synthesized by Ch16re11a were_higher in the 630 my light. Since the
fate of amino acid incorporation into proteins is proportional to the
amount of free amino acids available, then the levels of amino acids
synthesized by Chlorella under i]1um1nétion of 630 mu light decreased
more rapidly than those under the illumination of 680 mu light. If
this is the case, the raté of 14C incorboration~into insquE]e amino aéids
(proteins) should be hicher when'Ch]brella is illuminated by 630 mu
light. An examination of the 14C incorporation curves of insolub]e_
glutamic acids and aspartic acids shows ihat‘th€s may be‘the”case, The
'points on the glutamic acid cdrve (Figure III-SB) are too‘scattered to
support suchvan exp]anation; However, in Figure III~8B, the curves
show that the incorporation of 14C into aspartic acid is faster when
the Chlorella was under the i11uhinatioq of 630 mu Iight.

D. Discussion c

Tables I1I-3A and II1-3B are summaries of the photosynthetic

product distribution of Ahacystis nidulans and Chlorella pyrenoidosa.

Table III-3A shows that there is no observable difference in the photo=

synthetic product distribution of Anacystis nidulans under the i1lumi-

nation of 630 mu and 680 mu 1ight, Table III-3B shows that there are
some differences among the photosynthetic product distribution betWeén‘

Chlorella under the illumination of 630 mu. and that under 680 mu light.
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Although the differences are in line with the prediction on Table IIl.2,
they are too small to be given serious consideration,

Although the separation betweén the absorption peak of chlorophyll a

and that of the accessory pigment is bigger in Anacystis nidulans than
in Chlorella, a bigger difference in photosynthetic product diétribution

is not found in Anacystis nidulans.

Together with the fact that the difference in photosynthetic product
_ distribution of Chlorella is too small to be of any significance, it may
_be concluded that the 630 mu and 680 mu 1ight caused no observable dif-

ference in the photosynthetic product distribution.

Table I71-3A

Photosynthet1c Product D1str1but1on of Anacyst1s n1dulans

Rate of formation ~TTnal TeveTls under the
Compounds under the illumination of illumination of
‘ 630 mu light 680 my 'lmht 630 my lioht 680 mu hqht
" (umoles/q min) - (umo1es/o)
1. Total 14C fixed 6.09 6.09
2, Lipids ‘ : - 0,23 0.23
3. Proteins
(as insoluble amino
acids) . ‘ :
a) alanine 0,058 0.058 2,25 2.25
b) proline 0,028 0.028 ~1.06 ' 1.06
¢) tyrosine 0.025 0.025 0,83 0,83
d) aspartic acid 0,062 0.062 _ 2.54 2,54
e) alycine and . : _ .
serine 0.057 0.057 2.18 : 2.18
f) 1ysine - 0,031 0.031 1. 1.1
q% theronine 0.031 0.031 0.90 - 0.90

alutamic acid 0.031 0.031 1.07 1.07

4, Polysaccharides : _
a) sucrose , 12.7 12.7
b) UDbe . T 5100




_ - Table III-3B
| Photosynthet1c Product D1str1but1on by Chlorella

Rate of 14C incorporation _ ﬁteady-sféte Tevels
Compounds synthesized under the illumination of vratiot undér the-i1lumination of ratio™
630 mu liqht 680 mu light 630 mu Tight 680 my Tight
' (umo1es AC/min a) (umoles 14C/q)
1. Total 14C fixed ERE 9.66 0,943 - . *
2. Lipids 1.13 1.19 0.950 | -
3, Proteins
(as insoluble amino ac1ds) :
a) alanine - 0,0625 0,0625 - 1,00 :
nlutamic acid ' 0,055 0.055 - 1.00 .,
c) aspartic acid{ ' 0.016 © 0,015 1,06 3
, G
4, Polysaccharides o g
2) sucrose ** 29,0 32.0 0.906
byupe I 2,20 248 0.887

tThe rat1o between compounds formed under 630 mu light i1lumination and those under 680 mu 11oht
illumination.

*After 50 min, the steady-state levels o* 11n1ds and proteins had not been estab11shed (In fact,
they miaht not exist,)

**The steady-state levels of sucrose and UDPG were established in a short period. It is therefore
1rpract1ca1 to compare the1r rates of SJnthe51s.
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‘The absence of the effect of 630 mu and 680 mu 1ight on the photo-
synthetic product distr1bution can be accounted for by the fol]owfng
possibilities: -

(i) The photoelectron transbort scheme consiéts'of only one light
reaction; as described in the "photo1yt“}hypothesis; |

(i1) The photoelectron transport scheme.sti11 consists of two light
reactions, -HoweVer. the "spillover"42 mechanism regulateé the distribu-
tion 6f absorbed photons; so that therg is'nd excessive photoreaétion 1
to géﬁerate‘additionalvATP by cyclic photophosphorylation in the algae
i1luminated by the 680 mu 1ight. |

(iii) Far red 1ight stimulates no additional cyclic photophosphory-
ation in vivo. o |

The strongest support for the "phbto1yt" Hypothesis is the Tow
value of quantum requirvement.!S Arouments against Warburg's low number
of quantum requirement are aiways concerned with his manometric method

" in measuring oxygen evolution in the presence of carbon»dioXide. |
Measuring the oxygen pressure with an oxygen analyzer. which measures

the paramaanetism of the oxygen gas, Bassham et al. a1so'found.that the
quantum requirement was below 8, However, later quantum requirement '
determinations in this laboratory show that the value 6f quantum _
requirement is above 8 and has revea1edva possiblé error in the measure-
ment - by Bassham'gg;glzi Although the present experimental results seem
to be consistent withfthe "photo]yt“ hypothesis; quantum requirement
'measurement and other'evidences such as the enhancement effect and
chromatic transients proved this hypothesis no longer valid. Therefore;-
the "photolyt" hypothesis cannot be used to account for the present experi-

mental results. |
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The eiperimeht ﬁaﬁ based on the fact that 680 mu light would be
preferenfia1ly‘absorbed by photosystém I and used for photoreaction I,
Since cyclic photophosphorylation is linked to photoreaction I, addi-
tion§1 ATP might be qenerated by eyclic photophosphorylation; This
chanoes the ratio of ATP/MADPH, which in turn affécts the photosyn=~
thetic product distribution. This assumption wofks only if the
“separéte package" mechanism requlates the distribution of absorbed
photons, If the "spillover" mechanism requlates the distributioh of
photons, there will be no excess of photoreaction I even if 680 m

Tlight is preferentia11y absorbed by photosystém I. Since there is no
observable effect found in the pfesent experiment; it seems that the
"spillover" regulates the_distributionvof absorbed. photons. However;
this is true only if it can be shown that faf red light can promote
additiona1 photoreaction I for the aeneration of ATP by éyc1ic photophos-
phorylation, Hence; far red 1ioht-stimu1ated cyclic photophosphory]ation

is studied in the following chapter,
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IV. RED LIGHT-STIMULATED CYCLIC PHOTOPHOSPHORYLATION IN VIVO

AithOugh cyclic photophosbhbrylation in ch1or6plést5'has been shown
to occur 12;21332.67‘71 very Tittle 1s known about this importanf :
process‘iﬁ;zigg, Inhibitor studies could provide only some indirect
evidehcg.91'93 Furthermore, the use of inhibitors can alter hore than
one reaction of the 1iving cell, adding ambiquity to the results,94+95
Far-red light might proVide another way to stimulate cyclic photthos-
phorylation and since far-red light mioht afféct fewer sites in the
livina celi, it seemed useful for the étudy of cyclic photophosphory-
lation in vivo. 1

Measurement of 1iqht'scattering prbVides an indirect method to
measure photophosphorylation.9® By measuring scattering chanqes;
U, Heber has shown that far-red 1jght hardly stimulates any cyclic
photophosphorylation ig_gixg,97 ‘Howevef, light scattering changes are
attributed to shrinkage or swelling of chlorob}asts. This in turn is
believed to be due tovthe hydrodgen ion eXchéngé between the ch1oro-‘-_
plasts and the environment. Since phosphorylation may be related to a
change in pH, measurement of scattering change miaht provide an indirect
~ method for the measurement of phOSphory1atioh. However, the shrinkage
or swelling of the chloroplasts, or even the exchange of_hydrogén jon
with the environment, may’be due to some other physiological phenomena,
and may not’be related to phosphorylation. Thus, the absence of a
" scattering éhange may not be an indication of the absenqe of phos-
phory]ation.' Theréfore. it is important'to investigate the possibility

of far-red light-stimulated cyclic photophosphorylation in vive by

 direct measurement.
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The action spectrum, published by Arnon et al.71 (Figure IV-1)
indicated that tﬁe quantum yi¢1d of ;yc1ic photophosphory1atidn.j11

k ch10ropi$§ts,increaseé sharply from 680 mu to 720 mu, Since the action

spectrum of Chlorella photosynthesis3 (Figure IV-2) shows that light of
wavelenaths lonaer than 690 mu is unable to promote photosynthesis, it
may be possible to induce cyc11c'photophoSphérylatioﬁ jﬂ;!ixg_by shining
light of wavelenaths Tonger than 690 mu onto the alaae which 1s'photo- |
synthesizing under the i1lumination of light wfth wavelenqgths where the
quantum yield of cyc1ic‘photophosphory1ati0n is 1ow--e;§.. 630 mu.
Hence, a measurement of the 1evels of ATP ‘and ADP before and after the
introd&ction of this long wave1engtﬁ red 1ight could provide the évi- _
dence concerning the occurrence of cyclic photophosphorylation in vive.
Although ATP is not stored as the end'product of photosynthgsis; any
additional amount of ATP provided by cyclic photophosphbry1ation could -
be measured by the change in photosynthetic product distribution, as
well as in the steady-staie 1eveis of ATP ahd AP,

B. Experimental

\

The experimental procedures are similar to those of Bassham's
inhibitor studies8! on the photosynthetic carbon reduction cycle; except
that the alcae suspension was {11uminated only on one side; and instead
of added inhibitors, light with wavelengths longer than 690 m was used
to 11luminate the other side. |

Two experiménts‘were done. In the ftrst one, thé'alqae suspension
was i1luminated on one side by blue 1iaht and the other by lona wave-

length red 1icht. Licht was provided by incandescent lamps filtered by
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Cornina color fi1ters; the transmission spectra of which are shown in
Fioure IV-3;

The algae was allowed to photosynthesize in the blue T1ight (color
filter 4-96) for a period of half an hour after the introduction of
32P, so that the poois of ATP, ADP;,énd PGA are all saturated with
32p, 14C was then introduced as COp into the system. After the intro-
duction of 14C02; the aloae were allowed to photosynthesize for 20 min
before the addition of lTong wavelenath red light (c0mbination of color
filters 4-77 and 2-58) by tufning the other lamp on. Samples were
taken before and after the red 1ight was turned on. |

The second experiment Was'simi1ar-tb the first one, with some
modifications on the 1iaht sburces. Instead of usina blue light,

630 mu liaght proQided’by interference filter sets was employed. Long
waveTength Fed 1ight was provided by the combination of Corning co1of
filters 2-58‘ahd 7-59, The transmiséibn spectra in Fioqures IV-3C and
IV-48 show that such a combination can abo]ish an 1iqh£ with wave-
lengths shorter than 690 mu, Since the intensity of the 630 mu licht
provided by intefference filter sets was very low,’the alaae were
allowed to photosyntheﬁizé for one and a half hours in 32p befbre.the
introduction of 14c, After the introduction of T4C; the aloae were
allowed to photosynthesize for 20 min before the long ané1ength red
light was turned on, | |

C. Results and Discussion

The 32pP incorporation curves of ATP, ADP, UDPG, and PGA in the

first experiment are shown in Figure IV-5, It can be seen that upon
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Transmission soecfrum of the interference filter set -

(Baird Atomic BX=3).

Transmission spectrum of the Corning 7-59 color filter

(When combined with the Corning 2-58 color filter, the trans-
mission band between 280 m and 520 m s cut off, and

énows only the lonq wave'lenqth to pass throuoh,)
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the addftion of red Tight, the level of ATP and that of ADP dropped
slichtly and then reached the s1ightly higher steady state. Compared
with the amount of red 1ight added, the rise in ATP and ADP levels fis
too small to be attributed td'the océurrence of cyclic'photodhssphofy-
lation. However, the fact that all the levels of ATP, ADP, UDPG, and
PGA increased to a higher steady-state value prevents us from:drawinq
the conctusion that red 1ight stfmu1ates no cyclic photophosphorylation
“in vivo during aerobic photosynthesis. v

The uncertainties in tﬁis experiment probably come from the light
sources: . |

" Blue light used: The broad transmissiqn band of the Corning color

filter might have provided too much 1ight for photosystem I, so that
photoreaction I is saturated. Since cyc1ic photophosphorylation is
Tinked to photoreaction 1,677 it wil1 not occur if,photdreaction I is
saturated by overall'photoe1ectron-tfansport; |

‘Red 1ight used: An examination of thé’transmission spectra in

Fioure IV-3 shows that a small amount of light with wavelenaths from

' 680 me to 690 mu can pass through the combination of filters 4-77 and

| 2-58, This may account for the small increase in the ATP and ADP |
Tevels after the red lioht was turned.on, because the levels of ATP and
ADP are proportional to the overall rate of photosynthesis.

In ;he second experiment; instead of using blue light, 630 mu fnter-
ference filter sets are employed so that the light provided iS'préferen-
tia11y absorbed by ch1orophy11 b, which is the predominant pigment in
photosystem II. Furthermore, the 11qht'intensity was so low that the
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rate of CO, uptake was only 4 umole/min a algae,* which was only one=-
fourth of that in the first'experiment. Hence, the light intensity
would not be so hich as to saturate system'I;'and therefore not be too
hiah for ¢yelic photophosphorylation to be performed by photoreaction I.

" The transmission spectra in Figure TV-4 show that no 1ight with
wavelengths shorter than 690'mﬁ can pass through the combination of the
color fflters 7-69 and 2~58, Furthermore; e*periméhts had showh that
the addition of this red light had no observab1e effect on the rate of
photosynthesis or dafk fespiration; Therefore; thevposéibilities of
enhancing the levels of ADP and ATP by non-cyclic photophosphony1ation
could be.avoided. Hehce; in theory this far-red light is suitable for
~ the stimulation of cyclic photophosphorylation. _

The 32P incorporation'éurves of ATP, ADP, UDPG, énd PGA are shown
in Fiqure Iv-6.. It can be seen that neither the ﬁdditionvhor the removal
of the long wavelenath red light had any effect on the levels 6f these
cohpounds. In fact, the 1eVe1s of ATP and ADP dropped slightly when the
red 1iqht‘was turned,on; and rose slightly when the red lioht was turned
off. (This might be due to the fact that the voltace of the lamps
- serving as the liaht source for the 630 mu light dropped slightly (about
 1%) when the lamp for the red light was turned_on.v.However. the dif-
ferences among those points on the curves were too small to be taken
into serious COnsidefation.) |

Another possibility for the absen¢é of observable cyclic photophos-

Vphoryiation stimulated by the Idng wavelength red light is that the amount

*The saturation rate of Chlorella photosynthesis is about 40-umole'C02/min

per g a1qae (see Fiaure 11-2),
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‘of red lioht absorbed by the algae is too shall, because the absorption
spectrum of Chlorella drops sharply for Wave1engths londer than 680 mu.
Comparison of the measured light intensities of the 630 mu and the lona
wavelenath red licht is impractical, because the Corning color filters
et throuch a large amount of infrared 1iaght which is unable to promote
cyclic phdtophosphorylation. Therefore; the amount of "uséful" Tong
wavelength red 1ight*: absorbed by the‘Ch1oféT1a has to be ca1cu1ated'
from the transmission spectra of Fiqure IV-4 and'fhe'absorption spectrum
of Chlorella in Fiqure IV<5. In order to make a comparison, the amount
of 630 mu 1ight absorbed by the alaae has 5130 to be ca]cu1ated; Toqefher
with the relative intensities of the two incandescent Tamps, the amodnt
of 630 mu and long wavelength red 1ight absorbed by the CH16re1Ta were
thus calculated and tabglated as follows:

Calculation. The relative amount of 1ight absorbed by the algae
depends on (i) the relative amount of light available to the'a1qae,
which in turn depends on (a) the intensities of the'incandescent lamp,
and (b) the percentage of transmission of the filters; and (15) the

relative amount of absorption by the alqae.

(i) The relative amount df'light'ava115b1e'to‘the'algge. During
the éxperiment, the incandescent lamp for the Corning color filters was
operated at 115 volts while that for the interference Fi1ter set was at

"v109.v01ts. Both lamps were at the same distance from the corresponding

*Useful long wavelength red 1icht is defined as the red 1ight with wave-~

lenaths from 690 mﬁ to 740 mu, because studies in chloroplasts have shown

that 740 mu red liaght is still able to promote photoreaction 1.98'100
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surfaces of the Ca11. With the 1iaht meter at a fixed distance and
location, the light 1ntensitiés of the incandeSCeﬁt lamp at 115 and 109
volts were found to be 817 FC and 7000 FC, respectively. Hence, the
relative intensity of the 1ight for the Corning color filters was taken
as 8175 FC and that for the interference filter set, 7000 FC. Actually,
a larger VaTue should be assianed to the color filters, Because the peak
of the emission spectrum of the incandescent Tamp isvaboqt 800 mu, which
is closer to the transmission band of the color filters than that of the
interference filters, |

The relative amount of transmission of the filters is expressed in

area units of mu X percentace of transmission.

Relative amount of transmission by the combination of Corning
color filters 7-59 and 2-58 (in area units of % X mu)

‘Color Filter 7-59

Wavelenath : » ;
o (mu) % of Transmission Area units
740 80 ‘
10 mu X (80 + 75)%/2 = 775
730 - 75 .
10 mu X (75 + 65)%/2 = 700
720 65 :
| 10 mu X (65 + 50)%/2 = 575
710 50 . i -
' 10 my X (50 + 30)%/2 = 400
700 ' 30 S ,
' ' 10 mu X (30 + 0)%/2 = 150 .
690 - 0 | R

Total 2600 area units

Since the percentaqe of transmission of the color filter 2-58 is
90% for wavelenaths from 680 mu to 800 mu, the relative amount of trans-
mission by the combination of Corning color filters 7-59 and 2-58 is

2600 X 90% = 2340 area units.
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Re]at1ve amount of transmission by the Ba1rd-Atom1c interference -
filter set* (BX-2 and BX-3 comb1ned)

Wavelenath

C(mp) 0 % of transmission . Apea units
620 22.5 :
10 mu X (22.5 + 22.5)%/2 = 225
630 22.5 .
B 10 mu X (22.5 + 22.5)%/2 = 225
640 22,5 _ ' o

:.Tota1 450 aréa-units

(i1) The relative amount of absorption by Chilorella. The relative

amount of absorption by Chlorella was calculated from the absorption
spectrum shown in Fiqure IV-7,85 However, accbrding'to Figure IV-8,'85
the optical density of spinach chloroplasts is zero for wavelengths
Tonger than 750 mu; The optical density for wavelengths loncer than
750 mu in the absorption spectrum of Fiaqure IV-7 ié probab1y due to
light'scatterfnq rather than absorption. Therefore, a value of 0.27;
which is the optical density of Chlorella at 750 mu, was subtracted

from all measured optical densities.

*By replacing the two small triangular area units from 610 mu to 620 m:
and from 640 mu to 650 mu with similar ones from 620 mu to 630 mu and
from 630 mu to 640-my; the transmission band of the interference filter

set is assumed to have a rectanqular shape. This facilitates the calcu-

'1ation.
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Relative amount
’ of absorption
Wavelenath . _
0 (mu) 0.0. = Toa(I,/1) Io/T 171, (10-1)/10 Area
o e T B o tels BN 1% units*

620 0,55 - 0,27 = 0,28 1,905 0,525 0.475

630 0.55 - 0.27 = 0.28  1.905 0.525  0.475
640 0,55 - 0,27 = 0,28 1,905 0,525 0,475 75
7690 0.80 - 0.27 = 0.53  3.388 0.295  0.705
700  0.47 - 0,27 = 0,20 1,585 0,630 0,270 >3
710 0.35 - 0.27. = 0,08 1.212 0.825 0,175 280
720 0.3 - 0,27 = 0,04 1,096 0,912  0.088 -3
730 0.30 - 0,27 = 0,03 1,072 0,933  0.067 2'::

“*The area units'are obtained by multiplying 10 mu with the averace value

' of the re]atwve amount absorbed between two ne1ahbor waveIenoths._v

"Relative‘amount'Of light absorbed, The relative amount of 11nht

absorbed by the Chlorella is calculated by the followina formu1a.
Re1at1ve amount of liaht absorbed
= (Intensity of the incancescent lamn) X (Area units of transmission)
X (Area units of absorption). |
Since the percentage of transmission of fhe Corning color filter 2-58 is
90% from 680 mu to 800 hu, fhe intensity of the incandescent lamp for
the color filter is takenvas 8175 FC X 90% = 7358 FC.
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Wavelength . :
) ‘Relative amount of 1iaht absorbed by the algae
620 | ' |
7000 FC X 225 X 4.75 = 7.48125 X 106
630 | \
7000 FC X 225 X 4.75 = 7.48125 X 10°
640 ot e pen n A
14,96250 X 106
(630 mu 1iaht)
690 | |
7358 FC X 150 X 5.47 = 5,92687 X 10°
700 -
7358 FC X 400 X 0.26 = 7.65232 X 100
710 ' | | |
" 7358 FC X 575 X 0.13 = 5.50011 X 106
7 | '
7358 FC X 700 X 0.078 = 4.01746 X 10°
730
7358 FC X 775 X 0.045 = 2.5661 X 10°
740 358 FC X 775 X 0,045 = 2.5661

25,6629 X 106

(Tona wavelenath
o red lant).

Althouch the results of the above calculation may not be very accurate,
it shows that the amount of long wavglength red'1ight absorbed by the
algae is greater than fhat of the 630 mu 1ight. It therefore removes
the doubt that the amount of lona wavelength red 1ioht dbsorbed by the
‘Chlorella is too small to promote an observabIe amount of photoreact1on I
for cyc11c photophOSphory1at1on.

Hence, the result of the present experiment is consistent with
U, Heber's97 observation that long wavelength red light stimulates no

observable cyclic photophosphorylation in vivo durina aerobic
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photosynthesis, This also supports the opinions of Izawa and Good0]
that during photosynthesis the ATP requirement can be fu1f111ed by
non~-cyclic photophosphofylation é]one._&Sihce the ratio of ATP/NADPH
is greater than one for the oVera11 procéss of photosynthesis, the
stoichiometric relationship in non-Cyc]ic_photophosphoryiation has to

be more than one ATP for each NADPH produced.10]



-2-
V. SUMMARY

The "photolyt" hypothesis and the Hi11=-Bendall scheme are the two |
controversié] hypotﬁeses on photoe1e¢tron transport. These fwo hypotheses
were discussed, and two sets of expériments were dequned td test their
validity., They are (a) the quénfum requirement of photosynthesis and
(b) the effect of light qua11ty bn the photosynthetic product distribu-
tion, " |

The measurement of quantum requirement consists of (a) measurement_'
of oxygen evolution and (b) measurement of eneray absorption; ‘Most
criticisms on Marburg's'1ow value of quantum requirement are his intere
pretation of manometric data. However, measuring oxyagen evolution with
an oxygen analyzer, Bassham et al. also obtained values of quantum |
requirement below 8, After correction for respiration, the value is
about 4, which also favors Warburg's "photolyt" hypothesis on phbtoe]ecé
tron transport, which consists of only one light reaction. Without cor-
rection for respiration, the values of some of the measurements are still
below 8. This led Bassham to propose that iﬁ the Hill-Bendall scheme,
one of the two 1ight reactions promotes two electrons upon the absorp-
tion of one photdn.

Using the oxygen analyzer.and a new method to calibrate the photo-
cell, the quantum requirement was determined with reliable accufaty.
Furthermore, a possible error in Bassham's experimenf was revealéd. The
result of the measurement favors §he Hi11-Bendall scheme of photoelectron
transport. |

The basic assumptions in the study of the effect of light quaTity

on the photosynthetic product distribution are (a) the photoelectron
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transport scheme consists of two photoreactions as described_by the
Hi11-Bendall scheme; (b) far-red light can stimulate cyciic photophos=
-phorylation jg;gigé;and (c) thefbeparate pa;kaqe"'mechahiSm requlates
‘the distribution of absorbed phbtons. The result of the present study
indicates that 1fght with different wavelengths has no significant
effect on the photosynthetic product distr1but1on. | |

- The absence of any significant effect of light qua]ity on the
photosynthetic product distribution raised questions on the validity
of the above assumptions. The bresent quantum requirement measurement
and other studies on photosynthesis have shown that the photoelectron
transport scheme consists of two 11§ht reactions, Far-red 1ightfstimu-
lated cyC]ic photophosbhony1atibn has been studied and reported in
chloroplasts by Arnon. The validity of the "separate packace" mechanism
in requlating the distribution of absorbed photons can be tested; if it
can be shown that far-red light-stimulated cyc]ic~photoph05phory1ation
also exists in vivo, | |

Experiments on far-red light-stimulated cyclic photophosphorylation
were carried out. The wavelengths of the far-red light used were too
long to promote photoreaction II; Thus it can only be used to promote
photoreaction I for cyc1icvphotophosphorylation, In contrast tp'the
result of‘such studies on chloroplasts, we found no far-red light-
stimulated cyclic photophosphorylation in vivo. |

Althouagh the absence of far-red lightestimulated cyclic photophos-
phorylation prevents us from drawina any conclusion on the mechanism of
quantum distribution, it accounts for the sbsence of any sionificant

effect of 1ight with different wavelenoths on the distribution of
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photosynthetic products. Furthermore, it shows that results from the
“v{vo. |

in vivo,

in vitro study may be different from those

/“
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APPENDIX 1
An_Alternate Explanation for the Acid Fluoride Experiment

Instead of postulatino the existence of "photolyt", the acid fluoride

experiment:can be explained by the following réactions:

-0, Mo . o o,
c-cnz-CHz-é ¢ - _F,enzyme X-CHy=CHp=CHy=NH3 - + €O,
0”0 o Son ~> 0 A
-0, Wyo H
c-cnz-é- 7 B, enzyme o ¢c Cha=C-NHy + CO,
07 H NH ' H
transamination
with aqlutamic acid
11 -
- ST ) R N
:/C-CHZ-g-O- < Lo 2 :/C-CHZ-!é-C\// .
0 : ‘ 0 y 0

(1)

(2)

Assuming the fluoride activated enzyme catalyzes not only the decar-

boxylation of gqlutamic acid but also aspartic acid, the results of the

acid fluoride experiment can be explained as follows:

The CO, evolved from vessel II consists of COé released from the

following sources:
(i) COp bound as -bicarbonate
(ii) qlutamic acid

(iii) aspartic acid

(Aspartic acid is in equilibrium with oxaloacetic acid, which can be

formed by the oxidation of malic acid during respiration.)

The C02 evolved from vessel I is less than that evolved from vessel

IT by an amount equal to the CO, released from aspart1c acfd. The-
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aspartic acidvis.in equilibrium with the oxaloacetic acid; which is ‘/
»reddced to ma]ie acid in photosynthesis. The fluoride activated enzyme
is unable to catalyze the deearboxylaiion of‘malic acid, Therefore,
less €0y will be evolved from the alaae if it is exposed to light before
the addition of sodium fluoride. :
The CO, evolved in vessel III is released from qlutamic acid and

the C0, bound as bicarbonate, while that evolved from vessel IV is

released only from g1utamic acid.
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APPENDIX 11

“"Function of Trans]ucent'Plate and ReaSOh“to‘Emo1oy 630 mu Liaht

A. " The Funétion of fheifhansTernt Plate

~ The fUnction of the trans]ucent'p1ate'is to diffuse the 1ioh£ SO
‘that the aloae SUSpension is illuminated by a more uniform 11ght beam,
Local saturation is therefore greatly reduced. ‘
The tranSmission band of the interference ff1ter shouTd have a
cerfain»band width, s0.as to provide enouch energy to the algae to aqive
ah observable'rate of . oxyqeh.eVolotion. In the present Case; the frans~
mission band of the 1nter‘erence is 627 mu + 8 mu, S1nce the quantum t
_ yxeld of Chlore11a photosynthes1s 1s at its maximum value for 111um1- »
:nat1ng Tioht with wave]ength from 570’mv-to 635;mu,23 the 1lqht_prov1ded1
by the pfésentfset-up will be optimal for quantum requirement study. if
the fnterference filter is made with'tranémission band of 680 mu, sohe
of the light'paSsing'Ehroogh.wi11 have ane]ehgths 1ongeh than_680 my.
Since fhe quantum vield of Chlorella photosyhthesis drops seoere1y for
-'wavelénoths Tonger than 680 mn; the use of interference filter with a
transmwss1on band at 620 mu will o1ve a hieh quantum requ1rewent
Furthermore. Ch]ore11a oyrenowdosa has an absorptwon peak at 680 mas

therefore, the 1nten51ty orad1ent will be more pronounced if 680 A light

£ used

B. Slon1ficance of the (n+1)/n Rat1o

"N is the nurber of IR absorption filters. The (n+1)/n'r§tiovis
the swnna] ratio of the thermop11e (or the photocel]) with the cOrres? |
-pond1nq number of IR absorptwon filters 1n front of its detect1no sur-
face, Since the IR absorpt1on filters are not neutra1 density filters

but absorb more infrared than visible light (tranSmission»speCtrum
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shown in F1aure II-3C), a constancy of the (n+1)/n ratio indicates _'
that the 1ight passing throuqh has a narrow transmission band in the
visible region and contains practica11y no 1nfrared so thaf the IR
absorption f11ters act as if they are neutral density filters.

The Oxyqen Vo1ume of the System

.The advantage of determining the oxygen vo1ume of the system by
US1ng the oxygen analyzer is that it eliminates any error that may ex1st
in caiibrating the sensitivity of the oxyden ana1yzer. The reaéon isv
that the amount of oxygen evolved during photosvnthesis is obtained by
multiplying the volume of the system by the sensitivity of the oxygen
analyzeﬁ. This can be seen from the foliowihq'example: | '

Apparent sensitivity of the S
oxyagen analyzer 2%/100 div, = 0,02%/div.

Real sensitivity of the ' o
oxyaen analyzer 1 5%/100 div. . 0 0157/div. ‘

Upon the determination of the oxyqen volume of fhe system, the replace-
ment of 5.0'¢¢ of air by 5.0 cc of nitrocen results in a chanqe'of 50
diviéions,

Apparent volume of the
system _ (5.0 X 20.95)/(0.02'X 50) = 20,95/0,2

True volume of the - :
system - : ‘(5.0 X 20.95)/(0.015 X 50) = 20.95/0.15

Durinq-photosynthesis, the rate of oxyqen'eVO1utiOhbis found to be
2 div./min, |

Apparent rate of | . o
. oxygen evolution .~ 2 X (1/100) X (2/100) X (20.95/0.20)

Real rate of oxygen _ o o
evolution v ‘ 2°X (1100) X (1.5/100) X (20,95/0.15)

Apparent rate of oxyaen evolution = Real rate of oxygen evolution =
- 41,90 X 10-3 cc.
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D.  Extraction of Chlorophylls from Chidrella

After theighlgiglli;was centrifuged dovn to a knovn volure in the
centrifuae test tube, the supernatant was removed from the aleae by a
dropper. It was then transferred to the mortar by crackine the test
‘tube, so that the 1ea§t amount'of water aot into the mortar, (Water in
the mortar makes it difficﬁ]t to work,) The alcae (with the olass) wis
~aoround for several minutes. Liaquid nitrocen was put into the rortar to
freeze the alcae. After 2N nitrecen Was evapcratéd‘ the alrae was
around acain for several minuteé; Thisfproéedure was repeated three
times fo insufe complete breakace, Eighty percent acetone was added to
. the moréar to extkact the chiorophyll, The extract was centrifuced
and the supernatant should cohtain most of the chlorophyll, The pre-
cipitate was washed once:witb_so% acetone and the wash was corbined
with the extract, The émoqnt-of chlorophylls (éhlorophyli aand b)
in solytion cén be caicu1atéd frovaagkinney's'formulé. |

mg ch]orophy]\/]iter = ODggs mgx 6;45 + 00649.mux 17.72, -

“where ODgg5 and 0Dggq 2re the optical densities at 665 mu and 649 my,
© respectively, B T
| | Experience shows that for 1 a of wet paéked%aiage,'the extract
should be diluted to a volume of 250,0 ml to qéfla conveﬁiéntlmeasuré--

ment by the spectrophotométEr.'

s
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~APPENDIX I1I

The Cofactor Requirement for the Synthesis of Carbohydrates, Fatty

'Ac1ds, Amino Ac1dsJ and Prote1ns102 103

‘A, The Cofactor Requirement for the Synthesis of Carbohydrates

Startma from PGAL (nhosphoqucera]dehyde) the Cofattor require-
ment for the synthesis of carbohydrates can be shown by the followina
pathways: |

Pathway leadina to the synthesis of carbohydrates

0y ™
¢

N\ =
H,c- ~CH, 0PO; ]
H \\\\\_ | |  OPO3 QM OH OPO
0 J ]\ . fructoaldolase = C-§- ?- é- G~ CHy
I “ 0 OHH H
e ;:SHPS3H+ | | | fructose-1,6-
SNADY ' di DhOSDhitase
g 2” o= | - HOPOS
CHoOPOS
s H OH OH OPO3
X HOCHp=C=C - € - C- CHy
"0 . 0 OH H
> HOPO3
CHOH |
Ho'é‘(}’CHZOH ' : phosphoalucoisomerase
H H
NAD*
NADH + H+ |
4 OH | -
g - CHyOPO
,*ﬁ-ﬁ-cnzon - 20P03
Oy M -
H/(:-c_-_CHzopo3

) ' ’ N Y (Cont. )
<« T | - | o
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sucrose phosphate “\\N\\\\\\UDP-D-uncose<<-<;—--
o ‘ H

50 dimer utP o
HOPO, A uop\-—/’(’)a

L ATP

‘sucrose 'starch

| This pathway shows -that only one ATP is required for the synthesis

of one UDPG from PGAL and UDP, Hence, the cofactor requirement for the

- synthesis of one UDPG is 2x(9ATP + 6NADPH) + ATP = 19ATP + 12NADPH.
Startinqvfrom UDPG; thé synthesis of starch and’sucrOSe involves no net

consumption of any cofactors. The cofactnr requirement for incorporation

of one CO, into carbohydratesvcan therefore be reqarded as eqdal to that

into UDPG, Thus the ratio of ATP/NADPH for the 1ncorporat1on of one

CO2 into sucrose and UDPG is 19/12 1.58,

B. The'CofactOr'Requirementfd?the Qynthesis of‘Fatty"Aci&s

Startinq from malony1=CoA the b1osynthe51s of a aiven fatty acvd can.

be shown in the following equat1ons-101 102 ‘

) i | : :
CHa-C=SCOA + HS-ACP & CH3-8- -ACP + CoASE: | (1)
HC o HOoC |

CHp-C-SCoA + HS-ACP e==2 CH2-C-S -ACP + CoASH (2)

HO,C O i .
i ‘ I | |
-CH3-8-S-ACP + CHp=C-S-ACP &= CHy- -CHz-é-S-ACP + HS-ACP + CO, - (3)

(Cont.)

0 | OH 0O - .
'CH3-3-CH2-3-S;ACP + NADPH + H' = CH3-¢-CH2-9-S-ACPA+ NADP* (D-isomer) (4)
H ) H .
CH3-$-CHZ-ﬁ-S-ACPeﬁh CH3-CH=CH-§-S-ACP + 1,0 (5)
H oD
0 | o |
CH3=CHeCH=C-S-ACP + NADPH + H* = CH3CHpCHp-C-S=ACP + NADP* (6)
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CHaCHyOHy-U-S-ACP + HS-CoR &2 CHyCHyCHpb-SCon + Hs-ACP  (7)

| H02( 2
Tgxw+c%ésmA+mmm+zm»c%m§W ~SCoA + €O, +

CoASH + 2NADP* + H,0 - (8)

where ACP represents écy1 caf‘rier prdtefn,-_ and CoAS__H refers to coenzyme A.
' Starting from PGAL, the synfhesis.o’f malony1-CoA can be represented

by the _fdﬂo&vinq equations: |

o O ' 0p05

- §-CHp-0PO3 + NAD* + HOPO; mmemeeee '\C-S?CHZOPO + NADH + H*
H 0”

Hoo
ogey P -
s - G- oH -OPO3 + AP + HY ey ‘t-' Cha=0P03 + ATP
& - H )
-0, OH -0, PO3 -0, 2P°3
O,c -(-Cip0POy ey c-g ~ChpOH ——> JC-Ceclly + 0
o H
s - | 0 ,
O3PO o'+ nop + 2t —> cH3-E-<:4’O + ATP
08 MH : N
<
0 | . ) PH} ,
CHB-c-c’ + E-ThPP-H + H' oeos CHy-C-Th-PP-E + CO,
AU o H
o /o T »
Chy-G-TPPE + La(]  —— CH3-C-S-LZfSH + Th=PP-H
H 5 .
U T
CHa=C-S-La-SH + CoA-SH ~———> CHy-C-S-CoA + L/

L N\SH

CHy-C-S-CoA + COp-biotin-enz ———==p  JC~CHp=C-S-Co + biotin-enz + K
e | -7t -
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_ qui

ié reqgenerated by FAD as shown by the followina réactions:
La; " e > FADH, + La/ls
\SH NS
FADH, + NAD* ———=3 FAD + NADH + H*
and Coz-biotin is generated from the biotin enzyme complex as follows:

C02 + ATP + biotin-enz ee=e——) CO,-biotin-enz + ADP + HOPO3
where La/? and La/SH are the oxidized and reduced form of lipoic acid,
E and enz are thé eigynes that catalyze the correspond1nq reactions, and
Th«FP .is thiamine pyrophosphate.

| Starting from PGAL, the overall cofactor production in the synf
thesis of ma1ony1-CoA'can be calculated from the following equation,
which is the sum of a11 above equations: |
0y OH \ _0§ 49,-»
C-i—CHZ -0P0; + ADP + 2NAD* + H— — ¢C-CH2 L
H | 0 S-CoA + ATP
+ 2NADH + 2H*

Since the synthesis of one - molecule of PGAL requires 9 moleéules
of ATP and 6 mo1ecu1e§ of NADPH, the cofactor requirement for the syn-
thesis of one molecule of malonyl-CoA via PGAL will be (9-1) = 8 ATP
and (6~ 2) 4 NADPH _

The incorporation of one -(CHZ-CHg)- un1t into the cha1n of a qiven
fatty ac1d via malonyl~CoA requires 2(NADPH + H*), Start1no from CO,, |

the cofactor requirement for the incorporétion of one =CHp= unit into

the chain of fatty acid can be calculated from the following table:
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Cofactor requirement

for the synthesis of ~ATP NADPH
PGAL o 9 6
malony1=-CoA f ,-,‘_.9-]=8_ 6-2=4

-CHZ-CHé- in the chain | |
-of fatty acid . & . 6+2=8

' Hence, the cofactor requirement for the incorpokation of molecule of

C02'as -CHZ- into the chain of a aiven fatty,acidvié 8/2=4 ATP and

6/2=3 (NADPH + H*), And the ratlo of ATP/NADPH for.the 1ncorporat1on

of one CO, into the fatty ac1d cha1n is 4/3=1.33.

C. The Cofactor Requ1rement for the Synthps1s of Amino Acids and
| Proteins '

Since the alsae were grown in a medium containing KNO3, NO3 is the

nitrogen source for amino acid synthesis, The reduction of nitrogen

from the level of NO3 to that of NHy can be represented by the followina

diaqram:
NADH or NADPH
N~
AV
/ ~
e / N \~\\
7 / A O~ ~
A / \\. ~ o
| _N0‘3' AN NO- LN 'Nzo;'——-_él——a N OH -———3—-’—-}NH3

Assum1nn no ATP is requived in any o‘ the reduct1on steps the
cofactor requ1rement for the reduct1on of NO3 to NH3 w111 be 4 NADPH

As shown in the following equat1on, the 1ncorporatlon of an amino aroup -

into an a=keto acid'to form an amino acid requires one NADH (or NADPH)

as exemplified by the fo]1bwihq equation:

[rrp——



~162-
0

TN

\N 9 0\} \He //O
_ C- e CipeLec JrChmCHp=G =

0
? + NAD+ y

+ NHg + NADH + H* e==2
\0- . -

\0-
+ Hy0 ' ’
Hence, with NO3 as the nitrogen source, the incorporation of one
amino qroup into an a-keto acid requires 5 molecules of NADPH, The
cofactor requirement for the synthesis of amino acids can therefore‘be
obtained by adding 5 NADPH to that required for the synthesis of the
corresponding a-keto acids. Based on biosynthetic pathways such as
the photosynthetic carbon reduction cycle and the citric acid cycle,
the cofactor requirement for the synthesis of severé] a-keto acids has

been calculated and shown in the followinn table:

Name of compound = Cycle ATP NADPH
PGAL - photosynthetic carbon reduction o
cycle - . -9 5
pyruvate o 952 =7 61 =5
oxaloacetate _ ‘ h = 8 5
acetyl-CoA ) 7 5% = 4
oxaloacetate v | 8 5
.. . B +
~ eitrate citric acid cycle , 748 =15 445 =
=8

a-keto glutamate ‘ - | 15 95]
*the minus sign indicates the production of cofactors in the course
of biosynthesis, "

tthe positive sian indicates the production of cofactors in the course
of biosynthesis.
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Toqether with the 5 molecules of NADPH requ1red to convert an a-keto

]

ac1d 1nto the correspond1nq amino ac1d the cofactor requirement for the

. 4
¥

synthesis of alan1ne, aSpartlc. and clutamic acids are shown in the fol-

Towing table:

Name of compound  ATP NADPH ‘Ratio of ATP/NADPH

alanine | 7 545=10 0.7
aspartic acid 8 5+5=10 | | - 0.8
olutamic acid 15 - as5e13 1.15

~ Proteins are pb]ypeptides in which various amino acids are ﬁoined
tonether by peptide bonds. ' One df thefstehs in the'syntheéis of broteins
is the activation of the émiho acids. This step requires One.ATP for
each amino acid aCtivated' Hence, the coFacfor requirement for the incor-
porat1on of one mo]ecu]e of COp into a ‘aiven protein molecule can be ca]-’
~culated, The fo]1ow1na table lists the cofactor requ1rement for the

synthesvs of some amino acids in protein molecu]es._

ATP NADPH Ratio of ATP/NADPH
alanine 7+1=8 0 0.8
aspartic acid . 8419 10 0.0
'Q1Qtamic 3C1d' | f15+1=16 o 13 ' 1.23

- From the above calculations, it is anparent that;'startinq from COZ,‘
the ratio of ATP/NADPH in the swvnthesis of protein molecules is;aBouth, |

- when nitrate is the source of nitronen for biosynthesis.
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APPENDIX IV

" The "Séparate Packaae" and the “Spillover" Hypothes{s‘on the Mechanism

of Ouantum Distrfbution42

There are two hypotheses concerning the distribution of absorbed
photons between photosystem I and photosystem I1. These are the "separate

package"104

and the "spillover" hypotheses. According to the "separate
packaqe"105 hypothesis, the photons absdrbed by pioment system I are
transferred to the reaction center for phoforeaction I, and those
absorbed by piament system II'afe transferred tc the reaction center
“for photoreaction II, There is no transfer of absorbed photons between
the two photosystems."The photons avaiiahle for photoreaction I and II
will depend on the quality of light as well as on the amount of pigments
in each system'of the plant. Light preferentially absorbed by pioment
system I will promote moré photoreaction I than nhotoreacffonvII. If
this "excess" photoreaction I is used for cyclic photophosphory]ation,
1iaht with di fferent wavelenaths Wi11 prdmote different amounts of cyclic
photophosphorylation.

: Aécordinq_to the "spillover" hypothesis, the photons absorbed by
one pigmeht system can be transferred to the other if the reaction center
of that system is saturated. Hénce; fhe absorbed photons are optima11y(
diﬁtributed between photosystems I and Il to oive maximum efficiency of
of photo;ynthesis. Lioht preferentially absorbecd by a certain pfqment
system will not be used to promote the corresponding photoreaction in
excess; instead, a portion of it may be transferred to the other'photo-
system to balance the two photoreactions, if the wavelenath of the ]jght

is short enouch to promote}both ohotoreactions,
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The va]idity of'either-mechanism can be exarfned by the actien
sneétrﬁw of nhotosynthcsis; 1¥ the "senarate pacPane mochan1sr reru~'
]ated the d1str1but1on of abqorhed ohotows, tne quantuw efF1c1encv of
photoéynthes1s‘w111-have:a maxirum at a certain wave]cnoth, where

anpropriate arount of 1icht is absorbed by piement systems I and IT and

used for these two photoreactions, On the other'hand; if the "snill-

over" mechanism reaulates the distributinn'nf absorbed nhotoqs, the

| quantum efficiency should be 1ndependpnt of the wavelencths of the-

lioht, as absorbed Phntons can be trans*erred J-'r*o cne pnotnsv>+a='to
the other.,’

The action spectrum of photosynthesis as determined by Emerson

‘et al,, shows that neither of these two hypotheses are perfect. The

(-

actual rechanism of quantum distribution is nrobably sirilar to the

"spillover" mechanism, with the exception that the transfer of chotons

from one-photesystem to the other is not so efficient as within itself,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Comj
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

‘As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





