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Laboratorv'Qf_ChemicaleBiodynamics, Lawrence Berkeley Laboratory and

Department 9§ Chemistri,'Universitylgi California, Berkeley, California
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,SUWMARY

The.Emerson enhancement effect using red 1llum1nat10n supplemented by
far red light ls a characteristic phenomenon of photosynthetic oxygen
eVolntion by plants'and algae. It has been cited as an important evi-
dence in supportvof the méchanism of photosynthetic electron transport
inVolning'two'light reactions operating in series. The presentlstudy
conflrms the occurrence of enhancement in 1solated broken 3p1nach

chloroplasts for the photoreductlon of NADP by water: [H O-—>.NADP]

. reaction. Far red llght at 700 om 1is supplemented optlmally with wave-

lengths cf 650 or 670 nm. Dlvalent cations such as magne31um or manganese
are shown to be required'for,enhancement to occur. The optimum concen-
trations.of added MgCl2 or MnClz are about 7.5 mM; at concentrations
below 3 mM‘enhancement iS.not obtained. The critical dependence on
divalent ion concentration'is felt to be the reason why the enhancetient
phenomenon has not been observed in somevprev1ous studies using broken
chloroplasts. A role for magne31um 1on is: proposed in which it altcrs.

the structure of the active, chloroplast membranes in a manner whlch
controls the transfer of electronrc excitation between the two photo—
éfn thetic pl?ment systems; These findings favor the series two—llght

rtactlon mCChanlsm over the alternatlve parallel scheme.
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ABBREVIATioNs:: bcxé (Dc115u2)_, 2,6-diéhlorophenolindophéqol, oxi-cii_zed,
(reducéd)§ DCﬁU,‘34(3,44dichlofopheny1)—l,l-dimethyi urea; PCy, plés;o—
cyaniﬂ;»Fp;_gegtedoxin—NADP+ reductase; CP, chléropiasts; PS i and PS 1I,

photosysteqfl and photosystem II; RC I and RC II, feaction»ceﬂter I and

P L . ;'pigment system I-andvﬁigment system II.



INTRODUCTION

The nature of:electron.transport in photosynthesis has been extensively
investigatedl; but there still'remain some very inportant differences of
opinion Withﬂregard to"the.relationship“of the light reactions.and the two
photoSYStemé'to electron transport in'chloroplasts;' In Part I'of this
report,iue‘addressed'the:question:of thevnumber of photons required to
carry outvPSvl; PS II or PS I+ II)Vreactionsz; In this paper we report
experiments desiéned to answer.the question whether PS I and PS II are
botn'required toktransferdelectrons in a series fashion.in the [HZO —o'NADP]
.reactiOnI’AQF.An'alternative mechanism has been probosed by Knaff and
Arnon in'wnich both of the:photosystens operate'in independent pathways
and only PS II (PS IIa + PS IIb) is 1nvolved in the [H 0 —9 NADPJ |
reactions. In this reaction electrons are transferred from water to VADP
leading‘to Oxygen evolution and the reduction of NADP to NADPH; The phos-
phorilation of‘ADP:to ATP can bevcoupled to the-[H-O ﬁ) NADP] reaction.

In Part I we reported that ‘the [Ascorbate + DCIPH -> NADP] reaction,

2
characteristic of PS I, requires only one quantum of light at 700 nm or
longer_wavelengths in order to transfer one electron from.DCIPH2 to NADP

in the presence of DCMUZ. Thev[Hzo -> DCIP] Hill reaction is characteris-
tic of PS 1I and requires only one quantum of 630 to 660 nm light to transfer
one electron from'water~to DCIPi provided that the reaction conditions are
adjusted to give efficient spillover of excitation from PI tovP II. The

[H o] —9 NADP] reaction requires two - quanta from 620 to 678 nm to transfer

one electron from H20 to NADP under the same conditions favoring spilloverz.
A;ron and.Ben Hayyim reported nearly identical values for these or similar

reactions . However, it is impossible on the basis of action spectra

and quantum requirement measurements alone to answer the question of whether
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.the [HZO -> NADP] rgéction is driven by PS (I + II) Qf PS (IIa + I;b).
One way 6f'pf§viding coﬂcl@sive evidéncé'that the [HZO —> NADP] reaction
in?dind'PS‘(I:+ II):is:toﬁdéﬁons;rﬁcevtheioécurrepce of the Emerson
ehhénéeﬁéht;;ffect for this réécéioﬁ ihfchloropiasts.v
' ﬁéingkﬁhqle_éells of Chlorella”énd of Chroocdccus; Emeréon and

7,8

Lewis found é_éhérp decfease-iﬁ the efficiency of photOsyﬁthesis.with

actinic light of wavelengths longer than 685 nm‘(red df0p in efficiepcy).
By éddihg a weak bagkgrouﬁd of gréeﬁ iight to thebféi—rea light, Emerson
ggiggLL found that the coﬁbinedeavelengths"pfoduéed higher photosyhthétic
rates thah.the sSum of:the'ratés for the two lights used separatelyg’lo;
ThisiEmeréaneﬂhancément effect is the subject of avrgcént review'T.

The series formuia;idn'ihﬁélvihg tﬁq light reactions’? gained supporﬁ
from these éxperiﬁehts;: The Basié idea was that f;r—;ed light, absorbed
.pfedominaﬁﬁly by.PS_I, cod1d’be supplemented or "enhanéed" by adding light
thatiwas pfeferedﬁiaily'abébfbed'byVPS II; Tﬁis enhancemeht:has béen
déﬁoﬂéttaﬁéa_to oceur in whole cells or intac£ ieaveé in a wide variety

9-11,13-16 Nevertheless, it was argued that

of oXygeﬁ—evolving organisms
the origin of enhancement in whole cells is not in the primary light—driven
electron transport reactions, but is a conséqﬁenée_of feedback loops in

thé dark reaction involving the'requirepents of CO2 fixation for NADPH

agd ATP. 'NADPH\is prbduéed‘#ia nonfcfélic electron tfansport and ATP is
produced, at leaét-in part,'vié cyclic electron'flowvinvolvihg‘bﬁl&_PS I.
Iniotderf;o resolve the origipgbf_enheﬁcement, it“is necéssary to £ind |
oyt whether enhancement~o§curs in iSOiated brokén‘chloropiasts, where
COz’fi$§tion is ﬁot‘coupiedvand Qniy-the iﬁmediate'consequeﬁces of the

light reaéﬁions would be observed.

|
__i-



The occurrence.of Significant'enhancement in the [HéO —> NADP]
reactionlby'isolated broken chloroplastS-has'been reported by GoVindjee
17,18

al.”’

—E. . Gordonlg, Joliot et al 2oland Avron and'Ben¥Hayyim6. _On

the’ other hand Gibbs et al. 15 and McSwain and Arndn21 studied the reduction
of NADP (and of ferricyanide) by H 0 in isolated chloroplasts and found
no measurable enhancement. ' The lack of enhancement was 1nterpreted as
indicating no cooperation be tween photosystems PS T and PS II. Arnon’
proposed.that.either the [Ascorbate + DClPH - NADP] or the [H'O -» NADP]
reaction is driven by a single light reaction, PS I for the former and

PS II for the latter. The hypothesis was that only one photon per elec~
tron transferred was required in-each of these reactions lt was'subse—
quently modified in the light of the behavior of a new photoreactive
chloroplast component €550 23 24. The latest version of this hypothesis5

suggests that three light reactions are 1nvolved in photosynthesis; two

are in PS IL and are short—wavelength light reactions, and one is in

"PS I and is a long-wavelength reaction. The hypothesis also states that
there iSrnovdirect cooperation'betWeen PS I and PS II; and only PS Il

(a + b)'is'inVOlved invactivating the basic reaction of photosynthesis,

' i.e{, the [H 0 -9 NADP] reaction.

In the present study we present further evidence that Emerson®
enhancement does occur in broken spinach chloroplasts for the [H 0 = NADP]
reaction. We believe, however, that our findings do more than simply add
one more publication to the side favoring the ass1gnment of this reaction
tovthe PS (I + 11) scheme. We have also found what we believe:to be the
reasonvwhy some laboratories haVe been unable to observe enhancement in

isolated chloroplasts despite apparently extensive and painStaking efforts.
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The discovery of the cause of this variability in turn uncovers an

important new phenomenon relevant to photosynthetic control mechanisms.

MATERIAL‘S AND METHODS
'

K

inach ‘and preparation of chlor;plasr*

' Spinach (Spinacia oleracea var. early hybrid No. 7) was grown in

vermiculite in a growth chamber under controlled conditions similar to
those.of §auer and Parkzs' light intensity approxlmately 3200 f-c in
10. hr light/14 hr dark cycles, temperature ca 18° C leaves harvested
six to eight weeks after germination. Chloroplasts isolated with sucrose . -
isotonic_solution (CP-guc) were'prepared as deScrihed previouslyz. Chloro-
plastevisoiated:with NaCi ieotOnic solution (CP-NaCl) were prepared simi-‘
larly;‘except'that'the buffer soiution for the isolation was 0.35 M NaCl
and 0. 02 M tris buffer at pH 8.0; 0.035 M NaCl solution was used for
resuspension. Chlorophyll a and g_concentratione were determined as in
Part I.2 |
ReagentS' N B o } | B o o

| In-addition to those-chemicais described in Part I, 2 manganous ‘
chloride was obtained from J T. Baker Chemlcal Co., Phillipsburg, N. J.,

and trizma base from Sigma Chemical Co., St. Louis, Missouri. e

- Apparatus and light intensity measurement.

The'apparatus for moni'toring_NADP+ reduction, based on a Cary 14
.spectrophotometer, was similar to that used previouslyz. Actinic lights
from.two identical monochromators (Bansch and Lomb,ISOO mm, red-blaze
grating)'were'bronght to-approgimate focus_on the same side of the cuvette

in the sample beam. Apart from the conVerging lenses and an internediate
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mirror in one beam, each monochromatic beam was supplemented with appro-
'pfiate'short-wavelength cut—-off filtersA._‘The intensities of the actinic

lights were measured as previously .

Reaction mlxture and preparation of ferredoxin, NADP reductase and

plastocyanin

The reaction mixture of the [Ascorbate + DPIPH2 ~» NADP] . reactlon,
of [H2O>-9.DPIP] reaction and of [HZQ;—éxNADP]_reaction_were the same
as'desccibedepreviouslyz_eicept for those etated specifically in_che
text under epecial conditions; >Saturating amounts of piastocyaﬁin
were added to each.of the three reactionvmixtures and‘saturating ferre—~
”deiﬁ-gnd_ferredoxianADP reductase.were added'to the [Hzo -) NADP] aqd
IAscofbate_+ DPIPH2 —> NADP] reactioﬁs, except for those cases stated

specifically in the text. Fepgedoxin, plastocyanin and NADP reductase

were‘pfepared from commercial spinach as described previouslyz,N
RESULTS
1) [H 0 NADP] REACTION AND ENHANCEMENT STUDIES

The rate gﬁgphotoreduction of NADP gg_g_function gg_incident intensity

As .described previouslyz, the quantum requirements for the

-[H20u+> NADP] reaction increased g:adually as a linear function of the

incident light intensity within-the‘range studied. The quantum require-
ments at 650 nm and the tetes of photoreduction ovaADP+ at 650 nm and

7001nm within this intensity rahgevare‘showo in Fig. 1. Incident light

1nten51t1es from zero to approx1mately 3.0 nanoeinstelns cm -sec = were

used in the study of- enhancement effect. Only‘very active chloroplasts,

P

as in'Fig. l; werevused,‘
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Patterns gﬁ;ééqnential presentation gﬁ_two actinic lights
"In orderffo obviatetﬁoééible Siasés; we examiﬂed fOuf different

SéQUéncess Of;bfésehtatién of the.actinic‘lights. (A) First 11lumination
wiﬁh a rédl%ight (650“nm) to'obtaiﬁ the”faté of ﬁhé reéétion;'RR;,ét‘
intensity :;; dark ‘interval (& 3 min) until the rate of the back reaction
became édnétéﬁt;filiuminatibhnwith 700 nm’iight of intenmsity iFR to obtain
" a raté'RFR; iliﬁmiﬁaﬁion'with‘reé ligﬁé'éf ihtenéity‘IR nged to the |
far-red ligﬁf; giving the rate RFk%R' Thisipaftern is designated

[RR; RFR"RfR+R]' A”typica1 timé cOufse of theselrétés is shown in

Fig. 2. (B) Using the notatioﬁ adépted above, we then modified the
actinic—illuminaﬁibn to pfoyidé the sequence [RFR’ RFR+ﬁ; RR]' (c).A
thifd pa;fern uéed was‘[RFR; BR"RR+FR]'. D) A fgurth pgttefn uséa'was
IRR’ Rk+FR; RFR]f 'The objectiie_of qsiﬂg‘theéevdiffereﬁt patterns was

to demonstrate that'enﬁancemegt can be_qbserved'fegardless df the order
in:which the,accinic.waveiengfhs-are-presen;éd.

| Sevéral differeﬂt measﬂrgs of enhahcement‘are ﬁsed_in_the literature
on this Subject26. in order to facilit#té compar;gons ﬁith other resﬁlts,
we_havefcalculated enhancement rat;os baéedvon a pdrtion ofuo;f results

in threé-different ways, acgording to the following equations:
Rerir ~ R
o Rer

. e Rm
2 : RR

/ﬁRY= the rate of the reaction

with red actinic light_alone;

: wherg‘ RFR = the rate of the rgaction

with far-red light alone.

RFR#R = the rate of the reaction

when both red and far-red lighté

\.Were incident simultaneously.



The rates of the reaction obtained with a single sample are used to
calculate ghéfenhancementIValues;'El, EZ and Eé. The enhancement valués
shéwh'in fable I were obtained using an incident iightfintensi;y, IR’
about 1.4 ﬁ;ﬁoéinsteins.cm—z;séc;l 55.650 nm ahd'IfR about 2:3vnanoein—
stéiné-ém_ZLSecfl;at'7QO nm. ’Af‘these intensitiés; RR'is neafly_f§ur
times grééfer-thaﬁ Rfk,_ahdvéﬁe Vaiué qf E, is significantly larger

than E, dr'E3. At 1o§er relative light intensities gt 650'nm? when the

denoﬁiha;ors"become smaller, values of Eé and E, close to 2.0 are
obtained. Because values of E_, E2 énd_Ej'are esséptially describing
‘the same enhancement phénomeﬁon, we héve chosen Eikas the preferred
parameter to characterizeittﬁé enhancement'effect'for the remaindefvof
this study.

- In Table II the"vaIUes‘ofiElfare éhown for fhe'four"different
seQuencés'éf illumin&tionEdéscribed above. The Ei’valueSVOBtained in
thé illﬁﬁination'éequeﬁéés (A) and (B) érg very similar, but El of (A)
isialwastSIigHtly smaller than that of (B).'_The E; values obtained in
the iiluminafion'sequenceé-(C) of (D) afe always'larger'than those
obtained in (A) or (B). Therefore the illumination order (A) is the
mos t conéervative wayuto measure the enhancement effect among the four.

We use this as the standard illumination sequence in our subsequent

experiments.

Absence of enhancement with two actinic lighfs at 650 jggl

In order to confirm the absence ofvunsusbécted cbntfibqtihg effects .
iﬁ thetenhancemen; study, wé éarfied:but the following':ontrolvéxpéri-_
mentf ‘W¢_first'illuminatéd the samplé witﬁ actinic‘light I at 700.nm

-and aetinic light II‘at 650‘nm, to obtain thé-El value, ‘as described in



in Table III the rate of the reaction is AA
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Table I. nThen.we'changed the Wavelength of the_actinic light I mono-
chromator:from 700 to 650fnm andvcarefully adjusted 1ts intensity to about
0.3'nanoeinsteins-cm—z#secfl, which gave the same‘rate of NADP% reduction'
as yhen thefactinicdlightildat 700 nm.was 2.3 nanoeinsteins crn.--2 secf;.
We then reoeated the experiment and obtained El in the same‘way as
described before. The only difference is that actinic light 1 in the
first case is at 700 nm and in the second case is at 650 nm. The |

results are shown in Table III. The enhancement value El obtained with

actinic light I at 700 nm and II at 650 nm is 2.4 to 2.6. But E, is less

than 1.0 when both actinic iiéhts I and II are at 650 nm. Apparently

there is an enhancement effect'in the former but no such effect in the
latter'ekperiment, ‘Because the rate of the reaction is notbquite a
linear function of the incident 1ight‘intensity, as shown in Fig. 1,

the "enhancement" ratio is found to be somewhat less than 1.0 when theh,?
two actlnic lights are both at 650 nm.

Regeatablllty of the enhancement effect in the I_ﬂO -? NADP] reaction

The rate of the reaction and the red - far;red enhancement effect

are closely correlated with the activity of the chloroplasts. When the

rate of the reaction 1is within 20% of the rate shown in Fig. 1 under

identical experimental conditions, the enhancement values, El’ are very
reproducible, 2.4 T0.3. .The rate of the reaction decreases steadily,
but,slowly,'when the same'sample is 111uminated repeatedly.’ For_Sample 1

340 qn/™in = 0.095 at the first

fillumination;'it decreased to 0.090 at the 10th illumination; High light

intensitles and long illuminations tend to decrease the rate of the

reactlon more rapidly than do low 1ight inten51ties and short 111um1nations.
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Chloronlascs studied immediately'following.isolaéion tend.to'retain'their
activi;y'betfer than doxthose that have been standing in the dark at 0°C
“for 6 hf; In our experience when the chloroplasts are fresh and their
activity is high, the rate of the reaction does not decrease more than
204 of the rate at the ‘first illumination during the course of an experi—
men: lastlng'30,min. A typical example is shown in Table IV. The rate
of the reacfion was AA340 nm/mi = 0. 117 ‘at the first illumination; it
decreaeea‘to 0.095 at the_lOth'illumination. _Nevertheless, El at the firstn
illumination is 2.43, and it is-2;33 at the 13th. When the rate of the

reaction decreased tonAA340 nm/min = 0.086 at the 16th illumination, E,
decreased to 1.70.. We'disfegard.the result when the rate of the
reaction decreases below AA540 ﬁm/min 610.095;vi.e., 20% below the rate

at the first illumination.

Comparisonlgﬁ;fhe enhancement effect with different chloroplasts and

reaction mixtures

There arevtwo majon diffefences ‘between ouf experiments and those
in which the enhancement effect fails to occur15 21. Chloroplasts iso-
vlated in NeC1 (CP-NaCl) were used in those studies, whereas we used
chloroplests isolated in sucrose (CP;suc) in.our initialvstudiesze
The second difference 15 in the reaction mixtures. Therefore, we ;nves—
tigated»the enhancenent effect with different reaction mixtures and |
iusing‘both CP-suc and CP-NaCl. We call our standard reaction mixtufe»

Solution A. The second reaction mixture, Solution B, is after McSwain

.. 21 . : o . ) .
and Arnon”". The three major differences between Solutions A and B are:

Solution A: Tricine buffer, 45 aM, pH 7.5; MgCl,, 7.5 mM; (ADP+Pi) not added

Solntion B: Tficine.buffer; 33 mM, pH 8.2; MgCl.,, 1.7 uM; (ADP+Pi), 3.3 mM

2
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We'ekamined'the effect on the enhancement for each chloroplast

‘preparation and for each reaction mixture in turn. The results are shown

in Table V. We find that CP-suc and CP-NaCl were equally active in Solu- -

tion A witﬁ‘éaturating plastocyanin (PCy)'and ferredoxin-NADP reductase
(Fp) . 'ThE(;ﬂhancement values Ei aré all‘in thé range 2.3 ha 0.2, as shown
in cqlumnf(l) of Tébie v. :Whén Solutibn A is not éupplémented with PCy
or Fp}vthe CP-suc are nét”so'activé as in the former cbnditionz, and
Ei*wasngé;“l.s; However, CP-NaCl are as activé'ih bofh‘conditiéﬁs, and
E"vaiﬁés are'2.4 t0.3. It is'péssible that the NaCl isolation process

1
prdduceé better retentioﬁfof'endogénouslPCy énd/or Fp; Because the
enhhncémen;'effect Eodid be demonstrated with both CP-suc and CP-NaCl,
the‘discgepancy'in‘the”enhancément results camnot be due solely to the
difference in the chlo;oplast prepérations. |

Next, we examined the enhancemeht effect using CP-suc or CP-NaCl in

either Solution A or B. The results are shown in columns (1) and (5) of

‘Table V. We find that both types of chloroplasts éxhibit enmhancement in

Solution A with or without PCy and Fp, but no enhancement is obtained
when the same CP-suc or CP-NaCl preparations are used in Solution B

either with or without PCy and Fp. These results clearly show that the

_critica; factors controlling enhancement reside in the three'diffe;ences
.between Solutions A and B. When we change thé_pH from_7{5 to 8.2 or add

(ADP+P1) in Solution A [columns (2) and (3)], the values of E, decrease to

1.4-1.9 but.enhancement is still evident. When we change the pH_fme 8.2

té 7.5?of do not add the (ADP+Pi) in Solutioﬁ B [columns (6) and (7)1,

the EiﬁVéluesvwefe-below'i.O and no enhancement could be observed.

/
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" When we‘changed'the MgCl, -concentration from'?QS'mM‘to 1.67 mM in
Solution A [column (4)], we find that all El values decrease to 1.0 or
below. On the other hand when we change the MgCl2 concentration from
1. 67 mM to.ﬂ 5 mM in Solution B [column (8)1], the El values increaSed
from below l O to about 2 0. These results ‘clearly show that a higher
concentration of MgClz, 7. 5 mM, is necessary for the enhancement effect
in the [H O —9 NADP] reaction using broken Spinach chloroplasts.

Dependence of enhancement on ‘the Mg012 concentration

We reported previously2 that the rate of photoreduction of NADP
in the [H 0= NADP] reaction 1is dependent upon the MgClz'concentration.
Further studles now indicate a complex relationship between the optimal

MgCl concentration and the wavelength and intensity of the actinic

2
light; The results.in Fig. 3'(upper_curves)'show'that'the rate of the
[H,0 - NADP] reaction reaches its maximum at 1.5 mM MgC12 when the
incident actinic light.at 650 nm is 1.40 nanoeinsteins cm—2 Secnl, but
the maximumhrate of the reaction occurs at 7.5 mM MgCl2 when the actinic

light at{678 nm-is'2.4,nanoeinsteins-cm_z.sec— .-
The enhancement effect of far-red (700 nm) light on red (650 nm)
light for the [H 0= NADP] reaction of broken chloroplasts is also a

function of the MgCl concentration (Fig. 3, lower curve). No signifi-

2

cant enhancement is observed when MgCl

reaches a maximum at 7.5 mM MgCl

2 is below 3 0 mM Enhancement

(E, = 2 4 0. 3), which is the same

2 1

concentratibn of MgCl, that gives a maximum rate, R 8° using 678 nm '

2 67
lightialone.m At higher’MgCl2 concentrations (up to 15 mM) both the rate
of;the,[Hzo ~> NADP] reaction at 678 nm and the enhancement value decrease.

~ The similar dependence on MgCl, concentration of both the rate and the
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enhancenent'effect suggestfthatfthese two features arise from a common
origin affecting the state of the. broken chloroplasts.

Dependence of enhancement on MnClz, NaCl and sucrose

: 2+
Because of the well known ability of an to replace Mg“" in
enzymatic reaction327,'we investigated the effect of MnCl (as a replace-

ment for MgCl ) on the rate and the enhancement effect for the [H O ->

. NADBJ reaction.. As shown in Fig. 4, we find that MnCl duplicates the

behavior of MgCl (Fig. 3) in both reSpects.

. The effect of NaCl on the rate and enhancement of the [H 0 - NADP]
reaction is shown'in Fig. 5.» The_rate increases from AA340 nm/min =
0;14'5; zero concentration~to'the manimun BAs0 #ﬁ]min = 0.25 at 75 mM
NaCl; thenfdecreases'at higher concentrations; The enhancement ratio
in also incresses from O.S ¥ 0.1 4t zero concentration to 1.1 ¥ 0.1 at
75 mu NaCl and decreases at higher concentrations. Although‘both the
rate and the enhancement are affected by NaCl concentration, no enhance-
ment significantly greater than unity could be observed'throughout the
ranée_O to 350 mM. : ) o SEUE o

We also studied the Effect of sucrose, in lieu of MgClz; on the
rate and the enhancement of the [H o —9 NADP] reaction. The rate of the

reaction;is about AA = 0.17 - 0 02, under the experimental conditions

340 nm
described in Fig. 5 at sucrose concentrations up to 125 mM. No enhance—
- ment effect.(E 1. 0) can be observed in this sucrose concentration range.
At sucrose concentrations higher than 250 mM the rate as well as the

- enhancement ratio decrease markedly."

Dépendence of enhancement on light intensity

The effect of the intensity of red-light (630, 650 or 670 nm)

added'to,a fixed intensity of farered-(700 nm) iight in producing
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enhaneemenc-istehown in Fig. 6. With reference to the inteneity '
dependence of the rate of reaction at 650 nm shown in Fig. 1, the'
enhancement value increases as long as the rate of the reactlon is
in the relatively linear region of intensity depeneence. The enhance-
ment value.gterts to decfease as the rate of the reaction apptoeches
light saturation at higher intensities. The enhancement effect reaches
its maximun, By = 2. 4 - 0 3 when ‘the red light 1ncident at 650 nm is

l-4f1;8 nanoelnsteins cm -2 sec . Whenvthe red light at 670 nm is
1.2—1.4Hnenoeinsteins cmf2 seef1>the}meximum is E; = 1.8 ¥ 0.2. Vhen the
vree light is at 63O nm thevnaximun'enhencement effect cannot be reached,
as shqwn in Fig.:6.' It presumably occnrsvat higher incident light
.intenSitiee than thoee we'etudied.

vFig;.7 shows the alternative enhancement tatio, EZ,'as_a'function
of thetincident light iﬁtensity, Ips at 650 and 670 nm. At higheintensi-
ties.betn Rppeg @nd R#'ate Qery'large'compared witn Rpps and the enhance—

ment ratio’Ezzié close to 1. 0;‘ AS"the adtinic 1ight'intensity; I

--lowered, the denomlnator decreases faster than the numerator and the

R’ is.

enhancement E2 increases.- We observe 11miting values for E2 of 2.0 and
1.6 attidﬁ'light intensities when the red actinic light is at 650 nm and
670 nm, respectiVely.

Action spectrum of enhancement - ‘ _ .

We find'positive enhancement When'red light at any wavelength from
620 to 678 nm is coupled with far-red light at 700 nn, but the intensity
dependence iéidifferent at each wavelength. .- Fig. 8 is a nlot of El

values measured under-cenditions of approximately equal absorbed intensities-

R

" at several wavelengths .from 620 to 690‘nm. We find optimal enhancement

at 650 and 670 mm, where the values are E, = 2.4 £ 0.3 and 1.8 % 0.25,

1
respectively. A minimum 0ccurs,neet‘660 nm (E1 = 1.4 ifO;Z).
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Enhancement'viewed gg_gg_effect Qn_the ggentum requirement for red light

In.the'treditional scheme for interpreting the two light require—
‘ment of electromn transport in chloroplasts as.a PS (I + II) reaction,

enhencement ¢an be viewed as resulting from a deficiency of photons'

'enterlng PS I when only a single wavelength of actinic light in the region

620 to 678 nm is used. Throughout this wavelength range we observed zero—
intensity ‘quantum requirements for the [H 0 —> NADP] reaction close to
2.0.photons absorbed per ‘electron transferredz. When' far—red light,
which”actiVates'primarily;PS'I,‘is added at sufficient intensity that
PS I is no longer strongly rate limiting, we‘enpect to observe a corres—
'pondingAdecrease in the quantum requirement for the utilization of red
.lightl. The.quantum requirement under enhanced conditions can be exnressed
.ZbY;éheﬂretio’IRtabsorbed)/(RFk+R‘RFR). .
"A‘comperison"of the_quantum-requirements:under normal conditions
(650fnm.light alone)'Withnthose under enhenced'oonditions (650.+ 700 nm
light), es defined above, is shown in Fig. 9 over a range of incident
'intenSities=IR.‘ The intensity of tar-red light used (2.3 nanoeinsteins-
cm” —sec"l incident) did not saturate the [H20 ~>» NADP] reaction by itself
(Figt 1); it was sufficient to echieveionly 15% of the saturation rate
for the [Ascorbate + DCIPH2 f) NADP] reaction, whichbdoes not involve the
participation of PS*II.
At low intensitiee‘oflred 1ight, a significant decrease in .the
quentum requirement of the tH 0= NADP]'reection occurs in the enhanced
'versus the normal condition (Fig. 9). 'The'quantum requirement under :

enhanced conditions approaches a value of 1. 2 —-0.2 einsteins absorbed-

equivalent ~1 ‘at zero intensity of red (650 nm) light. At higher

o
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intensities'of‘red light, the difference between the two quantum require-
ments disappears The explanation for this disappearance is probably the

same as that for the behavior of E2 shown in Fig. 7.

s

(2) PHOTOSYSTEM 11'[H20 —> DCIP] REACTION AND PHOTOSYSTEM I [ASCORBATE +

DClPH2 ~ NADP] REACTION | |
| _ihe~enhancement'ualue3t El'or'ﬁz, in the IHZO ~» DCIP] reaction are
.1;01 f'0.0S from 620 to 6§O nm at various incident light intensities with
which a'background light at 700 nm at 2.3 nanoeinsteins—cm’g-secflwas coupled.
Thus, no appreciahle enhancement effect nor any difference between the |
normal and differential quantum requi ements is observed for the photo—'
reduction of DCIP in confirmation of prev1ous studies in our 1aboratory25.

| For the [Ascorbate + DCIPH -é NADP] reacrion run in the presence of
DCMU the observed enhancement ratio is always less than unity The values
are a strong function of the 1ntensity of the red light, as seen for 650
(squares) and 670 nm (circles) in Fig. 10. This behavior can be shown to
be a result of the approach toward saturationiof the rate of the reaction
with_increasing intensities of red 1ight alone. ASsuming_that 650 nm photons,
which are partitioned about equally_between the two photosystems under these
reaction conditions, are'only half asveffective as' 700 nm photons‘and uti-
lizing the linear dependence of the quantum requirement of the reaction
as a function of intensity of red lightz, it is possible to calculate El
ratios which take into account the approach to saturation for the two
wavelengths together. The agreement between the experimental points and

the calculated curves (Fig. 10) is good ‘evidence that, within experimental

uncertainties, there. is no two-wavelength enhancement for this reaction.
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DISCUSSION

The occurrence of the - Emerson red - far red enhancement effect in
isolated chloroplastsvhas been the Subject of repeated studiesll.- For the
[H 0 —% NADP] reaction, which is ‘the princ1pal focus of the present study,
definite enhancement has been reported by GovindJee _E__;_}7 18 by
_Joliot et al.20 and by Avron and Ben Hayyimé. On the other hand Gibbs .
gthgl;}s'and'McSwain and Arnon21 reported no measurable enhancement for
the same reactionQ " Our studies:suggest that'the concentration of

divalent cations—(e.g., Mg ) in the reaction miXture is‘the'principal’con—_

P

“trolling factor in determining whether enhancement can be observed. -
The'results summarized in-Table v show»that_enhancement values can
be;affected‘by (l)'alterationsvin‘the chioroplast»preparation'procedure,
(25vthe addition of'plestocyanin and ferredoxin-NADP™ reductase (3) the
pH of the reaction mixture, and (4) the addition of ADP and inorganic
phosphatet: Nevertheless,‘eech of these factors can,be»overcome and
enhancement can alﬁays‘be restored‘in the presence of 7.5 mM Mgciz. By
contrast,ywe have been unable to find‘any set of reaction conditions
which will give enhancement when the divalent cation concentration is below
about 3 mM. In retrospect, the laCk‘of_agreementvin the iiterature
reports onbchIOroplast enhancement can be understood largeiy on this

basis. GovindJee et al 17 18 and Avron and Ben Hayyim6 were able to

observe\enhancement using Mng concentrations of 7.5 and 27 mM,hrespectively."
No enhancement,was observed:by Gibbs 55_314}5 or by McSwain and Arnon21

using Mng‘concentrations of 2 and 1.7 mM, respectively. The results of
Joliot gt{él;?o, whobdid obserye-enhancement in the”presence of only 1 mM

2+ . . :
Mg~ , arenthe only ones that do not correlate in this way. It may be that
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there is some synergiStic effect involving the high concentration of
other salts (O 05 M phosphate buffer + O 1M KCl) that distingu1shes

1
the reaction conditions of Joliot et al 20 from those of Gibbs et al 3

| and McSwain and Arnon21. This p0551bility remains to be investigated

A
As shown in Figs. 3 and 4, added divalent cations-produce an optimum

not only in the enhancement effect, but also in the velocity of the

[H,0 —> NADP] reaction in red light alone. It might be argued that the

absence of divalent cations serves only to slow down the rate-limiting

step that results in light intensity saturation. In this view, the
absence of enhancement at zero added divalent ion would be the fortuitous
result of a compensatory deerease in El because of the closer approach

to light saturdtion in the abseance of added divalent cations. Fig. 6

shows eXamples of the decrease of El as saturating light intensities are

approached. The results of McSWain'and Arnon’t argue against this inter—

' pretation ofvthe divalent cation effect, however. At low (1.7 mM) concen-—

trations of added MgCl2 theyvfound no enhancement to occur over a wide range

of incident light intensities, such that the 0verall rate, R 650+700’ varied

by‘as'nnch-as 9-fold.} Furthermore, added NaCl is able to increase the rate
of the_[héo => NADP] reaetion (Fig; 5) even_somewhat more effectively_than
added Mgclé or MnClz, but noenhancement valnes significantly greater than
1.0 areaobserved using NaCl. It is apparent from'these results and those
usingladdea sucrose that the occurrence of enhancement depends on something
more.specifiC‘than the ionic or osmotic strength of the medium.

A special role for divalent cations has been proposed by Murata28.
2+

.

He observed that relatively low concentrations (2 3 mM) of Mg Ca
2+
or Mn : served markedly to increase the yield of chlorophyll fluores—

cence from chloroplasts at room temperature. vAdded Mg (3 mM) also



_reaction, and (3) decreased quantum yield for the [Ascorbate + DCIPH

-20-
served to decrease the duantum &ield (extrapolated to zero.incident
intensity) offthe [Ascorbate + DClPH' - NADP] reaction activated-at
480 nm, and to increase the quantum yield of the [H 0 - DCIP] reaction
——slightly at 480 nm, but markedly when activated at 695 nm. It should
be noted however, that the highest quantum yields reported by Murata
are less than halflthose reported for the same reactions in Part I of
this seriesz.':Murata concluded on the'baSis of‘his findings that the
role of Mg2+ and other divalent ions is to suppress the spillover of
excitation energy from pigment system II to pigment system I.

The alternative view, namely that added Mg2+ enables excitation -

transfer between the two pigment systems, is supported by the observa-

tions of Avron and Ben—Hayyim6 and of Rurainski et al 29,30 that added

MgCl serves to increase 51gnificantly the quantum yield of the [HZO 45

2.

,NADP] reaction extrapolated to zero light 1nten51ty. Under the.aSSump—

tion that exc1tation transfer (spillover) between ‘the two plgment systems

tends to equalize the rates of the two photoreactions, the increased

quantum yields for the PS (I + II)vreaction can be explained most readily

if spillover occurs in the presence of Mg012 rather than in its absence.

Murata's own experimental findings can be rationalized satisfactorily

‘using this alternative view of the role of Mg2+. Spillover from P Ito

P Il inathe presence of divalent cations can account for (1) increased
fluorescence yield, (2) increased quantum yield for the [H 0 —é'DCIP]

2 ->
NADP]_reaction, Spillover from P I to P II will be efficient only for

excitation resulting from red light, where there is no energy barrier

to -reaching the PS II trap. Spillover in this direction . might

&y
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seem to be an unlikely process in‘éompétition'with trapping within PS I.

' Nevertheless, such spillover must occur in order to account for the

observed quantum ylelds of 1.0 for the [HZO -» Ferricyanide] apd [HZO
DCIP]? reaﬁtibﬁs using red actiﬁié waveléngths.‘ ' '

_ Shévitﬁah&,Avroﬁ>have feported divalent cation—dependent shrinking
and light scattering changes by illuminated broken chlo:oplasts31. Similar
results have been observed by Murakami and Packer-2. It is reasonable

to suppose that these conformational c-anges induced by divalent cations

‘are the basis for the effects on excitation transfer.

Modelé which account for the enhancement ;ffeét in the [HZOV-Q.NADP]
reactionrénd f6r thé:dé§endeﬁée:oh divalent.cationé can be constructed
using eitﬂer Murata's intérpfétatidn.(xodél/A) of ité converse thdel B).
The models differ-inithe role assignéd:to the'divglent.éation aﬁd in‘the
réstfiétioné piacedton-thé relative iﬁtrinsic’absbrﬁgibnS'(i;g;, in the
abséncé»ofﬁspillover) of.P i and P II in the red region from 620 to 680 nm.
TéBie VI‘gives a liétingiéf the postulétes of thé'two models. |

- In Modél A enhancement occurs in the‘absence_of'spilloyer beéause
P II ébéorbs moré than half the éhotonsvin the red region of the spectrum,
and P I absorbs preferentially in the far red. This is the traditional
viéw basic to the detailed mathematical gnalyses of Bannister-aﬂd Yrooman33,

Malkin?a, Williams35,'and Deiriéu and de Kouchkovéky26. "In the presence

" of spillover red light iS‘equilibréted between the two reaction centers,

and tﬁere,is no deficignéy.to be remedied by supblemeptary far réd light,
. In mbdgl B no enhancement occﬁrs in the absence of spillover

because thé inﬁrinsié absorptions of.the_two.pigment'éystems are péstp-

lated:to be identica1 in the red regioh 6f the spectrum. There 1is ho

imbalance to be rectified by far red light. Addition of divalent cations,'
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which enébles spillover in this model, provides conditiqns favoring
enhanéement._ Thevdistribution of redphoton excitation between the two
reaciioﬁ éenters, which is equal for red light alone, is altered in the
.presenCe.of far red light via the spillover of soﬁe of the red excita- .
tion-froﬁ P I to P II. This is in keeping with.Postulatg 4~of Table VI
and results in the obsef&ed enhan;ement. That spiliover is an efficient
progess iﬁ‘the enhéndement studies_(fegardlessvof the'modél considered)
is demonstrated by the results shown in Fig. 9, where red photons apprbach
unit effiéiency‘at low intensities and in'the bresenée ofvsupplementary
férvred light.

Neithér of the two models described above is entirely'satisfactory,
ahdehicheQef’proves t0'bé'clbsest‘to the truth will require further
modificatioﬁs as:more is learned about the relaféd phenomena. We have
al;eaﬁy'mentioned the abéarent'inconsistencies bgtweén Murata's intér—
pretétion of the role of'divalent"cgtionszs (incorporated into Model A)
and the éffect_ofSMgCl |

2
s 6,29,30 o aas s cls s :
reaction . In addition, it is not clear why. enhancement should not

on the quantum yield of the [ﬁzo —> NADP]

also bebobserved in the absence of divalent cations under the postulates
of Model_A.‘ Spillover should.permit a redistribution of red'photons in
the presence of far red light, according to Postulate 4 of Table VI, in
ﬁhich c;ée somevenhancement wouid be expected. . None is obsetved{ Neither
-Fhe quantgm yiéld of gnify in red light for the [HéO.~> DCIP] reaction |

in the presence of 4.5 mM MgClz-(ref. 7) nor the decrease in the quantum

2
D_CIPH2 <> .NADP] reaction6 can be reconciled with Model A. The alterna-

yield in the red in going from O to 27 mM MgCl, for the [Ascorbate-+

tive view of Model B also has its drawbacks. The assignment of equal
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‘intrinsic absorbances in the red to P I and P II appears‘to be quite
arbitrary and difficult to reconcile with the different absorption '
vspectra of phy51cally separated PS I and PS II fractions36 37. Both

the pronounced dependence of enhancement on the wavelength of red light
(Fig. 8) and ‘the increase 1n quantum yield of the [H O - NADP] reaction
upon addition of MgCl2 (refs. 6, 29, 30) are difficult to reconcile with
postulate'(Z) of Model B: Neithervnodel can account for the observation
ovayron'and Ben—hayyiu6 that.the.trawsfer of electrons‘from'ascorbate
to'diquat‘oerMN'ocCurs with'a'quantum yield of 1.0 in either red or far
rednlight'andlis unaffected by added MgCl,.

"lt'seems-clear that. further experimental results are required before
allvof,these difficulties can be_resolVedl Recent reports that PS I
activity'naydoccur in two kinetically distinct'locations in broken chloro-
plasts38vneed to be7considered'in future models of enhancement and
excitation'transfer;' ‘ |

.Our‘findinés“are more conclusire:with‘respect to the parallel two
photosysten:hypothesis'of Arnon.et'al.39'and as'modified by Knaff and
Arnonst The parallel hypothesis, by contrast w1th the traditional Z
.scheme where the two- light reactions operate in series, cannot be recon-
ciled with the obserVation of red - far red enhancement using.isolated
brokenichloroplasts for-thei[H2015> NADP] reaction.'bThe failure of
McSwain and Arnon to observe'enhancement for this systemzl;.an obseruation
Whlch was an essential part of the justiflcation of the parallel mechanism,
1s‘now seen to be probably the consequence of the low MgCl2 concentration

used in their-experiments. Under their conditions, we do not observe

enhancement either. Our system contained broken chloroplasts, had no
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ad@ed'eerbop edurce; apd did not require-the.components‘of'phosphoryla-
tion ip otdet fortenhancement'to be observed. Thus, it cannot be argﬁed
that enhancepeht oecuts onlybin:relief of an'Unbalenee of cyclic and
non~cycllc electron flow with respect to the requ1rements of the carbon
reduction p;thway for ATP and reductant. The simplest explanation of
the results presented in this paper is that non-cyclic electron transport

from HZO to NADP proceeds via two different llght reactions characterized

‘.as PS I and PS II operating in series.
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‘TABLE I

ENHANCEMENT CALCULATED AS El,;Ez or:E3 FOR THE [HZO'—— NADP] REACTION
BY CHLOROPLASTS

Spinach chloroplasts (CP-suc) in tricine, 45 mM, pH 7.5; MgCl,, 7.5 m;

+ > ,
plastocyanin, ferredoxin and ferredoxin-NADP reductase, added in

saturating amounts. Experimental conditions as in Fig. 2. Illumination
pattern} [RR;_RFR’ RFR+R]‘ Incident intensities: 1:4 and 2.3 nanoein-
st:e:'u'ls-'c:m?"sec'_l at 650 and 700 nm, respectively. Definitions of El’

E,- and E3 given in the text.

2
. ) , ’ — T
. + R : R yoo
: _ Rate of - NADP Reduction i
Sample ' .-l : 3 _ : : t
_AA-min ~ at 340 np E— . El'_ E2 i E3
Reso Rz00 Ry00+650 i
. : i
T , . i
1 | 0.117 0.0306 0.191 2.43 1.38 . 1.30
: . - . . ) ‘ ‘ o @ _
2 g 0.107 - 0.0305 0.182 2.46 ; 1.42 § 1.32
5 ' ] ' ; ‘
3. | 0.099 0.0240 0.162 ] 2.66 ] 1.41 i 1.33
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ENHANCEMENT OBTAINED USING DIFFERENT PATTERNS OF ILLUMINATION FOR THE

[H,0 => NADP] REACTION BY CHLOROPLASTS

Reaction conditions as_in‘Table I, but with different illumination

. o + : . o -1
patterns, as indicated. R, rate of NADP reduction, AA-min at

340 nm.
Illumination Pattern
| @ @
Sample IRgs Rpps Rppyrl [(Rpp> Rppers Rl
Roso | Rz00 [R700+650 | B1 | Rroo |Rro0+650 | Reso | E1
1 {0.110 |0.0288{ 0.186 |2.64 |0.0288 | 0.186 |0.105 |2.84
2 lp.105 |0.0276] 0.179 |2.71 | 0.0284 | 0.189 |0.109 |2.82
3 [0.100 |0.0282| 0.172 |2.58 |o0.0284 | 0.182 |0.105 |2.74
Illumination Pattern
© ®
Sample [Rpps Bps> Rpawrl [Rg> Rpipr’ Rpgl
%700 | Reso [Feso+700 | F1 | Reso |Reso+700 | Rro0 | 1
. _ |
1 [0.0284 {0.092 | 0.181 |[3.13 [0.092 | 0.181 | 0.0294]3.02
2 0.0278 {0.090 | 0.181 [3.27 [0.101 | 0.181 {0.0284|2.83
3 10.0279 |0.095 | 0.186 [3.28 |0.109 | 0.187 10.0280{2.81




© TABLE III

ENHANCEMENT E

1
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WAVELENGTH FOR THE [H,0 -> NADP] REACTION BY CHLOROPLASTS

WITH TWO. ACTINIC LIGHTS.AT DIFFERENT OR AT THE SAME

Reaction conditions as in Tab_le I. Wavelengths of illumination are

indicated in the 'ta_ble‘." Three chloroplést samples were measured and

twelve measurements on each were made successively in the order of

presentation. R, rate of NADP reduction, AA-min 1 at 340 nm.

sample || %650 | %700 [F700+650 | F1 {|Reso | % 650 |Reso+eso| F1
1 ||0.095 |0.0307] 0.174 |2.59 {|0.099|0.0321| 0.130 |0.90
2 - - - - |{0.099 | 0.0314| o0.128 | 0.91
3 ||0.095 [0.0288| 0.168 |2.53 {|0.091 |0.0302] 0.117 | 0.86
1 |{0.092 [0.0287| 0.165 |2.54 {{0.090 |0.0311| 0.118 | o0.88
2 110.093 {0.0286| 0.162 |2.42 ||0.090 | 0.0301| 0.115 | 0.84
3 |[0.089 |0.0274 0.157 |2.46 0.0296| 0.113 | 0.78

0.090
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REPEATABILITY OF THE ENHANCEMENT EFFECT FOR THE (H,0 —> NADP] REACTION

BY CHLOROPLASTS

Reactioh'conditions_as in Table I. The order_of the 18 measurements on

a sihgle chloroplast éamplevwas top to bottom in‘each célumn! then left

to right.’ R,'fate of reduction'éf NADP+, AAimin_l:at 340 nm; Illumina-

tion patterns as described in the text.

Measurement Index Number
Ill;m?nati°n 1-3 | 4-6 | 7-9 | 10-12 | 13-15 | 16-18
att_ern

‘ R650 -.0.117» 0.111 |0.107 | 0.095 | 0.088 | 0.086
Ry00 ’ 0.030$ 0.0305/0.0237| 0.0253 | 0.0230 | 0.0247
Roo0+50 |0-191 |0.187 [0.159.) o.154 1" 0.137 | 0.128

@y E; 2.43 |2.33 [2.22 | 2.33 2.13 1.70

(B) ' E - 263 |2.45 | 2.73 2.60 2.20
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n IKBLE V

ENHANChMENT FOR THE [H 0. -é*NADP] REACTION BY CHLOROPLASTS IN DIFFLRENT
REACTION MIXTURES -

Chloroplasts in Solution A [Trlcine buffer, 45 mM, pH 7 5, MgClz, 7.5 mM;
NADPT, 0 67 mM] or Solutlon B [Tricine buffer, 33 mM pH 8.2; MgClz,

1.7 mM, ADP + Pi, 3.3 nM; NACP , 3.3.mM],~and for both soiutlons, ferre—
doxin, saturating; plastocyanin (PCy), Saturnting or not added; ferredOgin—
NADP+ renngtaée (Fp),'satnrating-nr not aaded. Enhancement values deter-
mined for reactionsvin "normal' 501utiqns A_énd B are given in colunns

(1) and (5); reépectively; “Alterations of the "normal” solutions, as
indicated in'columns (2),'(3),v(4) and (6), (7), (8) were doné’singly,‘

not -compounded. Enhancement values El are tabulated; illumination pat-

tern (4).
g - - — - + Ai - -
v Solution A ! M Solution B
Chloroplast PC o | | ; ! !
oroplast| PCYy iNormal pH 8. 2;+(ADP+P1) Mgc12 | Normal pH 7.5 |-(ADP+Pi) MgCl,
Preparationl + . . 1 67 mM é : %7.5 mM
reparation| gy 1 (1) @ @ w L ] ® (N1 (®
; oA i v . ; : i
2.32 | 1.62 1.80 . 0.92 (-0.2410.63 | 0.3¢ 2.09
4+ 2,14 | 1.39 | 1.44 1 0.84 [ 0.250.26 | 0.27 [ 2.23
CP-suc | | 2.26 | 1.59 1.62 | 0.74 {10.36(0.32 | 0.36 (2.14
1.49 }-0.43 1.37 [ 0.34 {1 0.370.24 | 0.42 [1.63
. . | | : 2
- 1.54 {-0.20 1.20 | 0.36 |~0.21,0.63 0.53 | 1.37
- ’ . P 2
1.36 | 0.14 |- 1.14 | 0.68 1 0.32 }-0.16 | 0.96 1.41
— . = —
2,43 | 1.84 1.80 | 0.98 |{0.98/0.86 | 1.08 [2.03
R - _ ] ; T
+  J2.13 }1.75 y 1.26 | 0.8 |l0.74]/0.68 | 0.8 1.98
cP-Nacl | 2.36 |1.78 | 1.54 [1.02 | 0.63,0.62 - 0.86 |1.86
. , . 1 i
! L : _ P
| 2,12 {1.57 {* 1.68 | 0.93 { 0.55|0.74 1.10  i2.26
- 259 1172 | 1.52 {1.06 |{0.64|0.62 | 0.84 1.88
T 2.34 |1.81 | 1.57 1 0.86 110.76 0.64 0.53  1.94
i L - I '_ i




TABLE VI

ALTERNATIVE MODELS FOR THE ROLE OF DIVALENT CAIIONS'IN'ENABLING

'RED — FAR RED ENHANCEMENT FOR THE [H,0 —~> NADP] REACTION BY BROKEN

. Ay

CHLOROPLASTS
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&

" Model A

Model B

‘l,v Electrénbﬁransfef-between
P II-and PI ogéurs in thg
abéenée of diﬁalént ﬁatioﬂs;
not-inqtheir presence.

2. 'Intrinsic absorptibn of P II
is greater than that of P I

in the region 620 to 680 nm.

2.

- Electron transfer between

P I and P‘II ogcursfin'the
presence‘of divaient cations;
not in their absence.
Intrinsic absorption of P II
is equal to that of P I in

the régiqn from 620 to 680 nm.

Both models:

3. Intrinsic absorption of_P=I is greater than that of P II at wave-

lengths longer than 690 nm.

4. Excitation transfer, when it is allowed, will occur predomi—

‘nantly in the direction which will enhance the activation of the

reaction center that would otherwise be rate limiting.
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FIGURE CAPTIONS
. Fig. 1. Qnantum reqnirements et 650 nm'(o) end the rates 6f photoreduction '
of“NADPf'et:6Sd nm (p)iorc705 nn 655 in the'{ﬁzd —§ NADP] reaction by
bquen chloroplests>(CP¥suc) as functions of the.ectinic light'inteneity.
The reaction miXture (Solution"A) is'giVEn in the‘text; The rate of NADP
reductlon was- measured as the change in absorbance at 340 nm per unit time.
Chlorophyll concentration 27 pg/ml.

Fig. 2. Typical ‘time course for the photorednction'of NADP by broken
chloroplasts'(CP—suc) in the [HZO f+‘NADP] reaction using two actinic
wevelengths. ‘The reactionnmixture (Solutidn:A)fis described in tne'text;
pThe 1llum1natlon pattern [RR RFR RFR+R] ;s illustrated in this experiment;

1nc1dent 1nten31ty ‘of far—red llght at 700 nm, 2. 3 nanoeinsteins-cm 2—sec s

incident 1nten31ty of red llght at 650 nm, 1 4 nanoelnstelns—cm 2--bsec .
Chlorophyll concentration 27 ug/ml.

.Fig;'3.v Effect of the MgClz-concentratien'on‘theirate (A, upper curnes)
and on the enhancement E (B, lower curve) of the [H 0 -=>» NADP] reaction
by broken chloroplasts (CP—suc) Experimental condltions as described in
Fig. 2, except Mg012 concentratlon'veried; incident intensity of 678 nm
light, 2;4 nanoeinsteins—cm‘z—sec;l. :Vertical'bars show stendard devia-

tions of replicate measurements.

‘ Fig. égt‘Effect of the»MnClz.concentration'on the rete @A, upper curve)
and on the enhancement E (B lower curve) of the[H O —) NADP} reaction .
by broken chlproplasts. Experlmental condltlons as in Fig. 3, except

MnC12 in place of MgClz.
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Fig.vS.v Effeot of the'NaCI eoneentfation on the rate (A' upper curve)
and on the enhancement E (B lower curve) of the [H Q0 ~> NADP] reaction
by broken chloroplasts. Experimental condltions as in Fig. 3, except

NaCl in”place of MgClzs-..

fig{‘6i‘bﬁependence_of:fheﬁehhaneemen; El on acﬁioic Iight.in;ensi;y of
red“light.for the [Hzovdé_NADP]Ireaetion.by broken ehioroplasts. E| =
(R706+RfRR)/R7OO' Experimentai conditions as ?n Fig; 2, except the
iheidept red.light intenSitiee'iR are varied-from.zero to 3.2 nanoein-
Steine-cm—_'see—l;‘ The three curves are for red light at 630, 650 and
670 nﬁ; respectiQely; as indicated. L

Fig. 7. Dependence of the enhancement Ez.on actinic light intensity of

red ;ight for the [H 0 - NADP] reaction by;broken chloroolasts. E2

®

700+R 700)/RR Experimental conditions as in Fig. 6.

Fig. 8.V-Activa£ion spectrum of the enhancement El'for'the [H20 —> NADP]
:eactlon by broken.chloroplasts. E1 = (R7OO+R—RR>/R7OO' Measorements made .

. at approximately equal absorbed intensities (1.15 * 0.15) nanoeinsteins*

=3 - ' o ' .
cm _‘sec‘l of red light at wavelengths from 620 to 690 nm. -Absorbed
intensity 0.37 ﬁanoeinsteins cm—3?secfl-at 700 nm for all measoremeﬁts.

Other reaetion-conditions as in Fig. 2.

. Fig.. 9. Quantum requirements under normal (o) and under ephanced (A)
‘conditions for“the IHZO ~> NADP] reaction by broken cﬁlofoplasts.

Reaction eonditions_as in Fig. 6. Definitions: 1/¢ 0 (normal) =

65

650(absorbed)/R550S'§?d ;/®650 genhaoeed) 650(absorbed)/(R700*650—R700).



-35- .

Fig; 10. The enhanéemeﬁt ratio El as a fuphtion of intensity of red
light abédrbed»for the [Ascorbate + DCIPHi ;é NADPj_reactioﬁ. Measured
‘values ﬁ§ing red light at 650 nm.(U)_or 670 nm (o) at various intensities
Supﬁlemeﬁted by far—red.light at 700 nm and.consfanp absorbed intensity
(0.43 nanoeinsteins-cm-3—sec—l). _The curves are calculated assuming no
actual éhh;ncement, but taking accdunt of the ;pproéch to saturation of

the reaction by'red light alone. Chlorophyll concentration 13 pg/ml.
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~LEGAL NOTICE

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