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PIGMENT SISTEMS AND ELECTRON TRANSPORT Iij' CHLOROPLASTS. II. EMERSON 

ENHANCEi'fENTINilROKEW SPINACH CHLOROPLASTS 

ALEXANDER S. K. SUN and KENNETH SAUER 

Laboratorv of Chemical.Biodynamics, Lawrence Berkeley Laboratory and 

Department;,. £i Chemistry, . UrliversitY .££ California, Berkeley, California 

94720 (U. S .A.) 

SUMMARY 

The Emerson enhancement effect using red illumination supplemented by 

far red light is a characteristic phenomenon of photosynthetic oxygen 

evolution by plants and algae. It has'been cited as an important evi

dence in support of the mechanism of photosynthetic electron transport 

involving two light reactions operatirig in series. The present study 

confirms the occurrence of enhancement· in isolated, broken spinach 

chloroplasts for the photoreduction of NADP+ by water: [H
2
0 ~NADP] 

reaCtion. Far red light at 700 run is supplemented optimally with wave

lengths C'f 650 or 670 run. Divalent cations such as magnesium or manganese 

are shown to be required for enhancement to occur. The optimum concen

trationsof added MgC12 or MriC12 are about 7.5 mM; at concentrations 

below 3 mM enhancement is not obtained. The critical dependel:ce on 

divalerit ion concentration is felt to be the reason why the eniiancer.ient 

phenomenon has not been observed in some previous studies using broken 

chloroplasts. A role for magnesium ion is proposed in which it alters 

the. structure of the active chloroplast membranes in a manner which 

controls the transfer of electronic excitation between the two photo

sY:1thetic pigment systems. These findings favor the series two-light 

':-2.::.ction mechanism over the alternative parallel scheme. 
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ABBREVIATIONS:: DCIP (DCIPH2), 2, 6-dichlorophenolindophenol , oxidized 
, 

(reduced); DCMO, 3-(3,4-dichlorophenyl)-1,l-dimethyl urea;PCy, plasto-

+ . • 
cyanin; Fp,ferredoxin-NADP reductase; CP, chloroplasts; PS I and PS II, 

\ .. 

photosyst~/I and photosystem II; RC I andRC II, reaction center I and 

reaction c~nter II; P I and P II, pigment system I and pigment system I!. 

-~~----

.. 
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INTRODUCTION 

The nature of electron transport in photosynthesis has been extensively 

, 1· 
investigated , but there still remain some very important differences of 

opinion with~regard to the relationship of the light reactions and the two 

photosystem' to electron transport in chloroplasts. In Part I of this 

report, we addressed the question of the number of photons r~quired to 
'. Z 

carry out PS I, PS II or PS (I + II) reactions. In this paper we report 

experiments designed to answer the question whether PS I and PS II are 

both required to transfer electrons in a series fashion in the [HZO ~ NADP] 

reactionl - 4• An alternative mechanism has been proposed by Knaff and 

Arnon in which both of the photosystems operate in independent pathways 

and only PS II (PS IIa + PS IIb) is involved in the [H20 ~'NADP] 

reaction5 • In this reaction electrons are transferred from water to NADP+, 

. . '. + 
leading to oxygen evolution and the reduction of NADP to NADPH. The phos-

phorylation of ADPto ATP can be coupled to the [H20 ~ NADP] reaction. 

In Part I we reported that the [Ascorbate + DCIPHZ ~ NADP] reaction, 

characteristic of PS I, requires only one quantum of light at 700 nm or 

+ longer wavelengths in order to transfer one electron from DCIPHZ to NADP 

in the presence of DCMU2• The [HZO ~ DCIP] Hill reaction is characteris

tic of PS II and requires only one quantum of 630 to 660 run light to transfer 

• one electron from water to DCIP, provided that the reaction conditions are 

adjusted to give efficient spillover of excitation from P I to P II. The 

[HZO ~ NADP] reaction requires two quanta from 6Z0 to 678 run to transfer 

one electron from HZO to NADP under the same conditions favoring spilloverZ• 

Avron and Ben Hayyim reported nearly identical values for these or similar 

·6 
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 [H
2
0 ~ NADP] reaction is driven by PS (I + II) or PS (IIa + lIb). 

One way of prpviding conclusive evidence that the [H20 ~ NADP] reaction 

involvedPS (I + II) is to demonstrate the occurrence of the Emerson 
, . '~ 

enhancement ,effect for this reaction in chloroplasts. 
I 
/. 

Using whole cells of Chlorellaand of Chroococcus, Emerson and 

78 . 
Lewis' found a sharp decrease in the efficiency of photosynthesis with 

actinic light of wavelengths longer than 685 nm (red drop in efficiency). 

By adding.a weak background of green light to the far-red light, Emerson 

~.!!.:.. found that the combined wavelengths produced higher photosynthetic 

rates than the sum of the rates for the two lights used separately9,lO. 

This Emerson enhancement effect is the subject of a recent reviewll • 
. . . '. 12 . 

The series formulation involving two light reactions gained support 

from these experiments. The basic idea was that far-red light, absorbed 

predominantly by PS I,' could be supplemented or "enhanced" by adding light 
, , . . 

that was preferentially absorbed by PS It. This enhancement has been 

demonstrated to occur in whole cells or intact leaves in a wide variety 

of oxygen-evolving organisms9-ll,l3~l6 Nevertheless, it was argued that 

the origin of enhancement in whole cells is not in the primary light-driven 

electron transport reactions, but is a consequence of feedback loops in 

the dark reaction involving the,requirements of CO2 fixation for NADPH 

and ATP. NADPH is produced via n:on~cyclic electron transport and ATP is 

produced, at least in part, via cyclic electron flow involving only PS 1. 

In order to resolve the origin of enh2"1Cement, it is necessary to find 

o~t whether enhancement occurs in isolated broken chloroplasts, where 

CO2 fixation is not coupled and only the immediate consequences of the 
I 

light reactions would be observed. 

III 

'. 
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The occurrence.of significant enhancement in the [H20 ~ NADP] 

reaction by isolated broken chloroplasts has been reported by Govindjee 

1718 19 20 6 
~.!b- ' , Gordon , Jo1iot et a1. and Avron and Ben-Hayyim. On 

the· otherhf~d, Gibbs et a1. l5 and McSwain and Arnon2l studied the reduction , . 

+' of NADP (and of ferricyanide) by H20 in isolated chloroplasts and found 

no measurable enhancement. The lack of enhancement was interpreted as 

indicating no cooperation between photosystems PS I and PS II. 
22 Arnon 

proposed that either the [Ascorbate + DCIPH2 ~ NADP] or the [H20 -+ 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. It was subse-

quent1y modified in the light of the behavior of a new photcireactive 

. ... ·23 24 
chloroplast component C550 ' • The iatest version of this hypothesis5 

suggests that three light reactions are involved in photosynthesis; two 

are in PS II and are short-wavelength light reactions, and one is in 

PS I and is along-wavelength reaction. The hypothesis also states that 

there is no direct cooperation between PS I and PS II, and only PS II 

(a + b) is involved in activating the basic reaction of photosynthesis, 

i.e., the [H20 ~ NADP] reaction. 

In the present study we pr~sent further evidence that Emerson' 

enhancement does occur in broken.spinach chloroplasts for the [H
2

0 4- NADP] 

reaction. We believe, however, that our findings do more than simply add 

one more publication to the side favoring the assignment of this reaction 

ta,the PS (I + II) scheme. We have also found what we believe. to be the 

reason why some laboratories have been unable to observe enhancement in 

isolated chloroplasts despite apparently ex'tensive 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. 

MATERIALS AND METHODS 
I , 

Spinach an~preparation£! chloroplasL1 

Spinach (Sp!nacia oleracea var.early hybrid No~ 7) was grown in 

vermiculi~e in a growth chamber under controlled conditions similar to 

25 those of Sauer and Park : light intensity approximately 3200 f-c in 

10 hr ligt~t/l4 hr dark cycles, temperature..£!.:.. 18°C, leaves harvested 

six 'to eight weeks after germination. Chloroplasts isolated with sucrose 

2 isotonic solution (CP-suc) were prepared as described previously. Chloro-

plasts isolated with NaCl isotonic solution (CP:"'NaCl) were prepared simi-

larly, except that the buffer solution 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.!. and k. concentrations were determined as in 

Part 1. 2 

Reagents 

2 In addition to those chemicals described in Part I, manganous 

chloride was obtained from J.T. Baker Chemical Co. ,Phillipsburg, N. J., 
\ 

and trizma base from Sigma Chemical Co., St. Louis, Missouri. , 
Apparatus and light intensity measurement 

+ The apparatus for monitoring NADP reduction, based on a Cary 14 

spectrophotometer, was similar to that used previously2. Actinic lights 

fl\C?m two identical monochromators (Bausch and Lomb, 500 mm, red-blaze 

grating) were brought to approximate focus on the same side of the cuvette 

in the sample beam. Apart from the converglng lenses and an intermediate 

II 

I 
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mirror in one beam, eacn monochromatic beam was supplemented with appro

priateshort-wavelengtn cut-off filters4 • The intensities of the actinic 

2 lights were measured as previously • 

Reaction mixture and preparation of ferredoxin, NADP· reductase· and· 
! --, 

plastocyanin 

The reaction mixture of the [Ascorbate + DPIPH2 ~ NADP] reaction, 

of [H
2
0 ~. DPIP] reaction and of (H20 ~ NADP] reaction were the same 

2 as described previously except for those stated specifically in. the 

text under special conditions. Saturating amounts of plastocyanin 

were added to each of the three reaction mixtures and saturating ferre-

doxinand ferredoxin-NADP reductase were added to the [H20 ~ NADP) and 

'[Ascorbate + DPIPH2 -:)0 NADP] reactions, except for those cases stated 

specifically in the text. Ferredoxin, plastocyanin and NADP reductase 

2 were prepared from commercial spinach as described previously • 

RESULTS 

(1) [H20 ~ NADP] REACTION AND ENHANCEMENT STUDIES 

The rate £fphotoreduction of NADP ~.!. function of incident intensity 

2 As described previously , the quantum requirements for the 

{H20 -:)0 NADP] reaction increased gradually as a linear function of the 

incident light intensity within the range studied. The quantum require

ments at 650 om and the rates of photoreduction of NADP+ at 650 nm and 

700nm within this intensity range are shown in Fig. 1. Incident light 

. -2 -1 intensities from zero to approximately 3.0 nanoeinsteins.cm ·sec were 

used in the study of enhancement effect. Orily very active chloroplasts, 

as in Fig. 1, were used. 

". 
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Patterns of sequential presentation of two actinic lights 

In order! to obviate possible biases, we examined four different 

sequencess of presentation of the actinic lights. (A) First illumination 

with a red light (650. run) to obtain the rate of the reaction, ~,at 

intensity ~~; dark interval (ca. 3 min) untii the rate ~f the back reaction 

became constant; illUininationwith 70.0. run light of intensity IFR to obtain 

a rate ~R; illuminadonwith red light of intensity IR added to the 

far-red light, giving the rate RFR+R. This 'pattern is designated 

[RR; ~'~R+R]· A typical time course of these rates is shown in 

Fig. 2. (B) Using the notation adopte4 above, we then modified the 

actinic-illumination to provide the sequence [~R' ~R+R; ~]. (C)A .. 
third pattern used was' [R

FR
; ~, ~+FR]. (D) A fourth pattern used was 

[~, ~+FR.; ~R]· The objective of using these different patterns was 

to demonstrate that enhancement can be observed regardless of the order 

in which the ,actinic wavelengths are presented. 

'> Several different measures of enhancement are used in the literature 

,this b · 26 on SU Ject • In order to facilitate comparisons with other results, 

we have calculated enhancement ratios based on a portion of our results 

in three different ways, according to the following equations: 

~+R. - ~ 
El .,. ~ 

E .,. 
2 

~R+R - ~R 
~ 

'~+R E .. 
3 '~+~ 

where 

~ a the rate of the reaction 

with red actinic light alone. 

RFR = the rate of the reaction 

with far-red light alone. 

~+R = the rate of the reaction 

when both red and far-red lights 

were incident simultaneously. 

" 
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The rates of the reaction obtained with a single sample are used to 

calculate the enhancement values, El , E2 and E3 • The enhancement values 

shown in Table I were obtained using an incident light~ intensity, I R, 

. ,. -2 -1·· .. . 
about 1.4 nanoeinsteins.cm .sec at 650 run and IpR about 2.3 nanoein-

-2·-1 . . 
steins.cm ·sec at 700 nm. At these intensities, ~ is nearly four 

times greater than ~, and the value of El is significantly larger 

than E2 or E
3

• At lower relative· light intensities at 650 run, when the 

denominators become smaller, values of E2 and E3 close to 2.0 are 

obtained. Because values of El , E2 and E3 are essentially describing 

the same enhancement pheno~enon, we have chosen El as the preferred 

parameter to characterize ; the enhancement effect for the remainder of 

this study~ 

In Table II the values of El are shown for the four different 

sequences of illumination described above. The El values obtained in 

the illumination sequen~es (A) and (B) are very similar, but El of (A) 

is always slightly smaller than that of (B). The El values obtained in 

the illumination sequences (C) or (D) are always larger than those 

obtained in (A) or (B). Therefore the illumination order (A) is the 

most conservative way to measure the enhancement effect among the four. 

We use this as the standard illumination sequence in our subsequent 

experiments. 

Absence £i. enhancement with ~ actinic lights at 650 nm 

In order to confirm the absence of unsuspected contributing effects 

in the enhancement study, we carried out the following ~ontrol experi-

ment: We first illuminated the sample with actinic light I at 700 run 

and actinic light II at 650 nm, to obt'lin the El value,as described in 
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Table I. Then we changed the wavelength of the actinic light I mono-

chromator from 700 to 650. nm and carefully adjusted its intensity to about 
. -2 -1 . +., 

0.3 nanoeinsteins'cm 'sec , which gave the same.rate of NADP reduction 
\ 

-2 -1 
as when the ,.actinic light I at 700 nm was 2.3 nanoeins teins em sec· , 

I 

We then repeated the experiment and obtained El in the same way as 

described before. The only difference is that actinic light I 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 wi-th 

a~_~1c_light I at 700 run and II at 650 nm is 2.4 to 2.6. But El is less 

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

there is an enhancement effect in the former but no such effect in the 

latter experiment. Because the rate of the reaction is not quite a 

linear function of the incident light intensity, as shown in Fig. 1, 

the II enhanc ement II ratio is found to be somewhat less than 1.0 when the 

two actinic lights are both at 650 nm. 

Repeatability of the enhancement effect in the l!!.20 ~ 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 is within' 20% of the rate shown, in Fig. 1 under 

identical experimental conditions, the enhancement values, El , are. very 

reproducible, 2.4 :to. 3. .,-The rate of the reaction decreases steadily, 

but slowly, when the same sample is illuminated repeatedly. For Sample 1 

in Table III the rate o~ the reaction is 6A340 nm/min= 0.09~ at the fir~t 

illumination; it decreased to 0.090 at the 10th illumination. High light 
I 

intensities and long illuminations tend to decrease the rate of the 

reaction more rapidly than do low light intensities and short illuminations. 
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Chloroplasts studied immediately following isolation tend to retain their 

activity better than do those that have been standing in the dark at oOe 

for 6 hr. In our experience when the chloroplasts are fresh and their 

activity i~'high, the rate of the reaction does not decrease more than 

20% of the'rate at the first illumination during the course of an experi~ 

ment lasting 30 min. A typical example is shown in Table IV. The rate 

of the reaction was M340 nm/min .. 0.117'at the first illumination; it 

decreased to 0.095 at the 10th illumination. Nevertheless, El at the first 

illumination is 2.43, and it is 2.33 at the 13th. When the rate of the 

reaction decreased to M340 run/min = 0.086 at the 16th illumination, El 

decreased to 1.70. We disregard the result when the rate of the 

reaction decreases below M 340 run/min";' 0.095; Le., 20% below the rate 

at the first illumination. 

Comparison'. of the enhancement effect with different Chloroplasts and 

reaction mixtures 

There are two major differences between our experiments and those 

.in which the enhancement effect fails to occur15 ,21. Chloroplasts iso-

lated in NaCl (CP-NaCl) were used in those studies, whereas we used 

chloroplasts isolated in sucrose (CP-suc) in our initial studies2 • 

The second difference is in the reaction mixtures. Therefore, we inves-

tigatedthe enhancement effect with different reaction mixtures and 

using both CP-suc and CP-NaCl. We call our standard reaction mixture 

Solution A. The second reaction mixture, Solution B, is after McSwain 
. , 21 

and Arnon • The three major differences between Solutions A and Bare: 

Solution A: 

Solution B: 

Tricinebuffer, 45 mM, pH 7.5; MgC1
2

, 7.5 mM; (ADP+Pi) not added 

Tricine buffer, 33 mM, pH 8.2; MgCI
2

, 1. 7 mM; (ADP+Pi), 3.3 mM 
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, We examined the effect on the enhancement for each chloroplast 

preparation ~nd for each reaction mixture in turn. The results are shown 

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

ti~n A with 'saturating plastocyanin (PCy) and ferredoxin-NADP reductase 

I, . + h 
(Fp). The enhancement values El are all in the range 2.3 - 0.2, as s own 

in column (1) of Table V.When Solution A is not supplemented with PCy 

or Fp, the CP-suc are not so active as in the former condition
2

, and 

El'was ca. 1.5. However, CP-NaCl are as active in both conditions, and 
, ,+ ' , 

El values are 2.4 -0.3. It is possible that the NaCl isolation process 

produces better retention'of endogenous PCy and/or Fp. Because the 

enrumcement effect eouid be demonstrated with both CP-suc and CP-NaCl, 

the discrepancy in, the enhancement results cannot be due, solely to the 

difference in the chloroplast preparations. 

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

either Solution A 0EB. The results are shown in columns (1) and (5) of 

TabreV. We find that both types of chloroplasts exhibit enhancement in 

Solution A with or without PCyand Fp, but no enhancement is obtained 

when the sameCP-suc or CP-NaCl preparations are used in Solution B 

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

critical factors controlling enhancement reside in the three diffe:ences 

between Solutions A and B. When we change the, pH from 7.5 to 8.2 or add 

(ADP+Pi) in Solution A [colUmns (2) and (3)] .,the values of El decrease to 

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

to 7.5;, or do not add the (ADP+Pi) in Solution B [columns (6) and (7)], 

the El values were below 1.0 and no enhancement could be observed. 

,0 

/~ 
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When we changed the MgC1 2 concentration from 7 .5mM to 1.67 mM in 

Solution A [cOlumn (4)], we find that allElvalues decrease to 1.0 or 

below. On the other hand, when we change the MgCl2 concentration from 
. , 

1.67 roM to /7 .5 mM in Solution B [column (8)], the El values increased ., 

from below 1.0 to'about 2.0. These results clearly show that a higher 

concentration of MgC1 2, 7.5 mM, is necessary for the enhancement effect 

in the [H
2
0 ~ NADP] reaction using broken spinach chloroplasts. . . 

Dependence .£f enhancement ~ the MgC1 2 concentration 

·2· + 
We reported previously that the rate of photoreduction of NADP 

in the [H20 ~NADP] reaction is dependent upon the MgC12 concentration. 

Further studies now indicate a complex relationship between the optimal 

MgC12 concentration and the wavelength and intensity of the actinic 

light. The results in Fig. 3 (upper curves) show that the rate of the 

[H20 ~ NADPJ reaction reaches its maximum at 1.5 roM MgC12 when the 

. -2· -1 
incident actinic light at 650 nm is 1.40 nanoeinsteins cm sec ,but 

the maximum rate of the reaction occurs at 7.5 mM MgC12 when the actinic 

light at 678 nm is 2.4 nanoeinsteins.cm-2 .sec-l .-

The ~nhan:cement effect of far-red (700 nm) light on red (650 nm) 

light for the [H20 ~ NADP] reaction of broken chloroplasts is also a 

function of the MgC12 concentration (Fig. 3, lower curve). No signifi

cant e~ancementisobserved when MgC12 is. below 3.0mM. Enhancement 

reaches a maximum at 7.5 mM MgC12 (El = 2.4 ± 0.3), which is the same 

concentration of MgC12 that gives a maximum rate, R
678

, using 678 nm 

l1ght alone. At higher MgC12 concentrations (up to 15 mM) both the rate 

of the [H20 ~ NADP] reaction at 678 nm and the enhancement value decrease. 

The similar dependence on MgC12 concentration of both the rate and the 
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enhancement effect sugg~st,that these two features arise from a COnmlon 

origin affecting the state of,the, broken chloroplasts. 

Dependence ~f' enhancement on MnC12 , NaCl and sucrose 
" ',' ~' ~ 
Because of the well known ability .of Mn to replace Mg in 

. ~ 

enzymatic r~actions27, we investigated the effect of MnC1 2 (as a replace-

ment for MgC1
2

) on the rate and the enhancement effect for the [H20 ~ 

NADE..J-reacd .. on. As shown in Fig. 4, we find that MnC12 duplicates the 

behavior of MgC12 ,(Fig. 3) in both respects. 

The effect of NaCl on the rate'and enhancement of the [H20 ~ NADP] 

reaction is shown in Fig. 5 .. The rate inc~eas~s"-from M340 run/min = 

0.14 at zero concentration to the maximum M340 /min = 0.25 at 75 roM 
nrn : 

NaCl, then'decreases at higher concentrations. The enhancement ratio 

El also increases from 0.5 :!:: 0.1 at z~ro concentration to 1.1± 0.1 at 

75 mH NaCl and decreases at higher concentrations. Although both the 

rate and' theermancement are affected by NaCl concentration, no enhance-

ment significantly greater than unity could be observed throughout the 

range,O to 350 mM. 

We also studied the effect of sucrose, in lieu of MgC12, on the 

rate and the enhancement of the [H20 ~ NADP] reaction. The rate of the 

+ ' 
reaction is about M340 run = 0.17 - 0.02, under the experiDiental conditions 

described in Fig. 5, at sucrose concentrations up to 125 mM. No etihance-

ment effect (El~ 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. 

Dependence of enhancement .sm. light intensity, 

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

added toa fixed intensity of far-red (700 run) light in producing 

III 
,I 
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enhancement is shown in Fig. 6. With reference to the intensity 

dependence of the rate of reaction at 650 run shown in Fig. 1, the 

enhancement value increases as long as the rate of the reaction is 

in ,the relatively linear region of intensity dependence. The enhance-

ment value ~tarts to decrease as the rate of the reaction approaches 
I 

light saturation at highe,r intensities. The enhancement effect reaches 

+ its maximum, El .:. 2.4 - 0.3, when the red light incident at 650 run is 

1. 4-1. 8 nanoeinsteins em -2 sec -1 When the red light at 670 run is 

~ ,~ . + . 
1.2-1.4 nanoeinsteins em s.ec the.maximum is El III 1.8 - 0.2. When the 

red light is at 630 run the maximum enhancement effect cannot be reached, 

as shown in Fig. 6. It presumably occurs at higher incident light 

intensities than those we studied. 

Fig. 7 shows the alternative enhancement ratio, E2 , asa function 

of the incidell.t light intensity, I R, at 650 and 670 run. At high intensi

ties both RFR+R and ~ are very large compared with RFR , and the enhance

ment ratio' E2 is close to 1.0. As the acti,nic light intensity, I R, is 

lowered, the denominator decreases faster than the numerator and the 

enhancement E2 increases. We observe limiting values for E2 of 2.0 and 

1.6 at low light intensities when the red actinic light is at 650 run and 

670 run, respectively. 

Action spectrum of enhancement 

We find positive enhancement when red light at any wavelength from 
, 

620 to 678 run is coupled with far-red light at 700 run, but the intensity 

dependence is different a1= each wavelength. ;,' Fig. 8 i.s a plot of El 

values measure'd under conditions of apprbx~ately equal absorbed intensities 

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

. + + 
at 650 and ,670 run, where the values are El iii 2.4 - 0.3 and 1.8 - 0.25, 

+ respectively. A minimum occurs near 660 run eEl a 1.4 - 0.2). 
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Enhancement viewed ~!!!. effect £!l. the quantum requirement for red light 

In the·tr~ditional scheme for interpreting the two light require-

ment of electron transport in chloroplasts as a PS (I + II) reaction, 

enhanc~ent ~an be viewed as resulting from a deficiency of photons ,. 
enteringPS,'I when only a single wavelength of actinic light in the region 

• • I ". 

620 to 678 run is used. Throughout this wavelength range we observed zero-

intensityquantum requirements for the [H20 ~ NADP] reaction close to 
. . 2 

2.0 photons absorbed per electron transferred. When far-red light, 

which activates primarily·PS·I,is added at sufficient intensity that 

PS I is no longer strongly rate limiting, we expect to observe a corres-

. ponding decrease in the quantum requirement for the utilization of red 

light. The quantum requirement under enhanced conditions can be expressed 

by-Ehe ratio IR (absorbed) / (~+R -~) • 
. . 

.. A comparisoriof the quantum requireroentsunder normal conditions 

(650 run 1:ight alone) with those under enhanced conditions (650 + 700 run 

light), as defined above, is shown in Fig. 9 over a range of incident 

intensities·~. The intensity of far-red light used (2.3 nanoeinsteins

cro-2_sec-l incident) did not saturate the {H
2
0 ~ NADP] reaction by itself 

(Fig. 1); it was sufficient to achieve only 15% of the saturation rate 

for the [Ascorbate + DCIPH2 ~ NADP] reaction, which does not invoJ.vethe 

participation of PS II. 

A~ low intensities of red light, a significant decrease in the 

a4an~~ reqHtr.~~e~~ 9f tpe ~H2Q ~ NAPP] react~on occurs in the e~ance~ 

.versus the normal condition (Fig .. 9). The quantUm requirement under . . 

enhanced .conditions approa.ches a value of 1. i :t. O. 2:einsteins absorbed

:-1 
equivalent at zero intensity of red (650 urn) light. At higher 



.... 

-17- . 

intensities of red light, the difference between the two quantum require-

menta disappears. The explanation for this disappearance is probably the 

same asthat\for the behavior of E2 shown in Fig. 7 • 

/ 
(2) PHOTOSYSTEM II [H

2
0 ~ DCIP] REACTION AND PHOTOSYSTEM I [ASCORBATE + 

DClPH2 ~ NADP] REACTION 

The enhancement values, El or E2 , in the [H20 ~ DClP] reaction are 

1.01 fO.05 from 620 to 690 nIn.at various incident light intensities with 

. ~ ~ 
, which a background light at 700 nm at 2.3 nanoeinsteins-cm -sec was coupled. 

Thus, no appreciable enhancement effect nor any difference between the 

normal and differential quantum requi aments is observed for the photo

reduction of DeIP, in confirmation of previous studies in our laboratory25. 

For the [Ascorbate + DClPHi -4 NADP] react:ion run in the presence of 

DCMU the observed enhancement ratio is always less than unity. The values 

area strong function of the intensity 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 saturation of the rate of the reaction 

with increasing intensities of red light alone. Assuming that 650 run photons, 

which are partiti~ned about equally between the two photosystems under these 

reaction conditions, are only half as effective as 700 nm photons and uti-. 
lizing the linear dependence of the quantum requirement of the reaction 

2 as a f'fnction of intensity of red light , 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 

11 
isolated chloroplasts has been the subject of repeated studies For the 

[H
2

0 ~. NAD~J reaction, which is the principal focus of the present study, 
• 

I , • 17 18 
definite enhancement has been reported by GovindJee et ale ' ,by 

Joliotet a1. 20 and by Avron and Ben Ha~im6. On the other hand, Gibbs 

et al. 15 andMcSwaiila~d Arnon21 reported no measurable enhancement for 
-.,., -.-
the same reaction. Our studies suggest that the concentration of 

divalent cations- (e ~g"~, Mg 2+) in the reaction mixture is the- principal con-----'_.-. 
trolling factor in determining whether enhancement can be observed. 

The results suimnari"zed in Table V show that enhancement values can 

be affected by (1) alterations in the chloroplast preparation procedure, 
, . '. . , + 

(2) the addition of plastocyanin and ferredoxin-NADP reductase, (3) the 

pH of the reaction mixtur~, and·(4) the addition of ADP and inorganic 

phosphate. Nevertheless, each of these factors can be overcome and 

enhancement can always be restored in the presence of 7.5 mM MgC12 • By 

contrast, we 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 agreement in the literature 

reports on chloroplast enhancement can be understood largely on th~s 

basis. . . . 17 18 6 
GovindJee ~ ~' and Avron and Ben Hayyim were able to 

2+ ~ 
observe enhancement using Mg concent~ations of 7.5 and 27 mM, respectively. 

No enhancement was observed by Gibbs !:1 al. 15 or by McSwain and Arnon2l 

~~ing Mg 2+ concentrations of 2 and 1.7 mM, respectively. The results of. 
, . 20 

Joliot etal. ,who did observe enhancement in the presence of only 1 lIlJ.'1 

M 2+. h g. , are.,t e 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 (0.05 M phosphate b~ffer + 0.1 M KCl) that distinguishes 
. . 20 . 15 

the reaction conditions of Joliot et al. from those of Gibbs ~ al. 

and 
, 21 

McSwain and Arnon • This possibility remains to be investigated. 
/ 

As sh~wn 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
2
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 decrease in El because of the closer approach 

to light saturation in the absence of added divalent cations. Fig. 6 

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

approached. 
21 . 

The results of McSwain and Arnon argue against this inter-

pretation of the divale.nt cation effect, however. At low (1. 7mM) concen-

trations of added MgC12 they found no enhancement to occur over a wide range 

of incident light intensities, such that the overall rate; R650+700' varied 

by as much as 9-fold. Furthermore, added·NaCl is able to increase the rate 

of the [H20 ~ NADP] reaction (Fig. 5) even somewhat more effectively than 

added MgC12 or MnC12, l;)Ut noenh.ancement values significantly great;r than 

1.0 are observed using NaC1. It is apparent from these results and those 

using~dded 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+ 2+ He observed that relatively low concentrat10ns (2-3mM) of Mg ,Ca 

2+ 
or Mn served markedly to increase the yield of chlorophyll fluores-

cence from chloroplasts at room temperature. Added Mg2+ (3 mM) also 
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served to decrease the quantum yield (extrapolated to zero incident 

intensity) of ' the [Ascorbate + DCIPH2 ~ NADP] reaction activated at 

480 run, and to increase the quantum yield of the [H20 ~ DCIP] reaction 

--slightly at 480 run, but markedly when activated at 695 .. 
I 

run • It should 

be noted, however, t'hat the highest quantum Yields reported by Murata 

are less than half those reported for the same reactions in Part I of 

this series 2 • Murata concluded on the basis of his findirigs that the 

·2+ . role of Mg and other divalent ions is to suppress the spillover of 

excitation energy from pigment system II to pigment srstem I. 

2+ The alternative view, namely that added Mg enables excitation 

transfer between the two pigment systems, is s.upported by the observa

tions of Avron and Ben-Hayyim6 <:,-nd of Rurainski ~ a1. 29 ,30 that added 

MgC12 serves to increase significantly the quantum yield of the [H20 ~ 

NADP] reaction extrapolated to zero light intensity. Under the assump-
. . 

tion that excitation transfer (spillover) between the two pigment systems 

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

quantum yiel~s for the PS (I + II) reaction can be explained most readily 

if spillover occurs in·the presence of MgC12 rather than in its absence. 

Murata's own experimental findings can be rationalized satisfactorily 

2+ using this alternative view of the role of Mg • Spillover from ~ I to 

P II in the presence of divalent cations can account for (1) increased 

fluorescence yield, (2) increased quantum yield for the [H
2
0 4 DCIP] 

reaction, and .(3) decreased quantum yield for the [Ascorbate + DCIPH
2 
~ 

tY,illP] 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 
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seem to be an unlikely process in competition with trapping within PS I. 

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

observed quantum yields of i.o for the [H20'~ Fer~icyanide]6 and [H20 

DCIP]2 reacq~nsusing red actinic wavelengths. 
/ ' 

Shavit', and Avron have reported divalent cation-dependent shrinking 

31 
and light scattering changes by illuminated broken ch10:oplasts • Similar 

, 32 
results have been observed by Murakami and Packer • It is reasonable 

to suppose that these conformational (.'anges induced by divalent cations 

are the basis for the effects on excitation transfer. 

Models which account for the enhancement .::..ffect in the [H20 ~ NADP] 

reaction and for thedepende~ce on divalent cations can be constructed 

using either Murata's interpretation (Model A) or its converse '(Model B). 

The models differ in the role assigned to the divalent cation and in the 

restrictions placed on the relative intrinsi.c absorptions (i.e., in the 

absence of spillover) of P I and P II in the red region from 620 to 680 nm. 

Table VI gives a listing of the postulates of the two models. 

In Model A enhancement occurs in the absence of spillover because . - , 

P II absorbs more than balf the photons in the red region of the spectrum, 

and P I absorbs preferentially in the far red. This is the traditional 

view basic to the detailed mathematical 

Malkin34 , Williams 35 ,- and Delrieu and de 

. 33 
analyses of Bannister and ~rooman , 

26 Kouchkovsky • In the presence 

of spillover red light is equilibrated between the two reaction centers, 

and thE;!reis no deficiency to be remedied by suppiemelltary far red light. 

In model B no enhancement occurs in the absence of spillover 

because the intrinsic absorptions of the two pigment systems are postu-

lated to be identical in the red region of the spectrum. There is no 

imbalance'to be rectified by far red light. Addition of divalent cations, 
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which enables spillover in this model, provides conditions favoring 

enhancement. The distribution of redphoton excitation between the two 

reaction centers, which is equal for red light alone, is altered in the 

presence of far red light via the spillover of some of the red excita-

tion ftom P I to P II. This is in keeping with Postulate 4 of Table VI 

and results in the observed enhancement. That spillover is an efficient 

process in the enhancement studies (regardless of the model considered) 

is demonstrated by the results shown in Fig. 9, where red photons approach 

.unit efficiency at low intensities and in the presence of supplementary . 

far red light. 

Neither of the two models described above is entirely satisfactory, 

ahd whichever proves to be closest to the truth will require further 

modifications as more is learned about the related phenomena. We have 

already mentioned the apparent inconsistencies between Murata's inter

pretation of the role of divalent cations28 (incorporated into Madel A) 

and the effect of MgC12 on the quantum yield of the [H20 ~ NADP] 

.. 6 29 30 
reaction' , • In addition, it is not cl~ar why enharicement should not 

also be observed in the absence of divalent cations under the postulates 

of Model A. Spillover sh.ould permit a redistribution of red photons in 

the presence of far red light, according to Postulate 4 of Table VI, in 

which case some enhancement would be expected •. None is observed. Neither 

the quantum yield of unity in red light for the [H
2

0 ~ DCIP] reaction 

in the presence of 4.5 mM MgC12 (ref. 'l) nor the decrease in the quantum 

yield in the red in going from 0 to 27 mM MgC1
2 

for the [Ascorbate + 
. 6 

DCIPH2 ~NADP] reaction can be· reconciled with Model A. The alterna-

tive view of Model B also has its drawbacks. The assignment of equal 

.1 
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intrinsic absorbances in the red to P I and P II appears to be quite 

arbitrary and,difficu1t to reconcile with the different absorption 

- . d PS·1 d PS II· fra·ct 4 0ns 36 ,37. B th spectra of physically separate . . an ~ 0 

the pronounced dependence of enhancement on the wavelength of red light 
./ .. 

(Fig. 8) an,d the increase in quantum yield of the (H20","", NADP] reaction 

upon addition of MgC12 (refs. 6, 29, 30) are difficult to reconcile with 

postulate (2) of Model B. Neither model can account for the observation 

of Avronand Ben-Hayyim6 that the tral sfer of electrons from ascorbate 

to diquat or FMN occurs with a quantum yield of 1.0 in either red or far 

red light and is unaffected by added MgCI2 • 

It seems clear that further experimental results are required before 

all of these difficulties can be resolved. Recent reports that PS I 

activity may occur in two kinetically distinct locations in broken chloro

plasts38 need to be considered in future models of enhancement and 

excitation transfer. 

Our findings are more conclusive with respect to the parallel two 
.. . . . .. 39 . . 

photosystem hypothesis lof Arnon et a1. and as modified by Knaff and 

5 
Arnon. The parallel hypothesis, by contrast with 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 iso1~ted 

broken chloroplasts for the [H20 ~ NADP] reaction. The failure of 

McSwain and Arnon to obserVe enhancement for this system21 , .an observation 

which was an essential part of the justification of the parallel mechanism, 

i~now seen to be probably the consequence of the low MgC1
2 

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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.added carbon source, and did not require the components of phosphoryla-

tion in ordex: for enhancement f.o be observed. Thus, it cannot be argued 

that enhanc~ent occurs only in relief of an unbalance of cyclic and 

non-cyclic electron flow with respect to the requirements of the carbon 
I , 

reduction ~athway for ATP and reductant. The simplest explanation of 

the results presented in this paper is that non-cyclic electron transport 

from H
2
6 toNADP+ proceeds via tWb different light reactions characterized 

. ·as PS I andPS II operating in series. 
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TABLE I 

ENHANCEHENT CALCULATED AS El ,E2 or E3 FOR THE {H20 -- NADP] REACTION 

BY CHLOROPLASTS 

Spinach chloroplasts (CP-suc) in tricine, 45 roM, pH 7.5; MgC1 2 , 7.5mM; 

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

saturating amounts. Experimental conditions as in Fig. 2. Illumination 

pattern: [RR; ~R' ~R+Rl. Incident intensities: L4 and 2.3 nanoein-

. . 2 -1 6 0 ste~ns'cm 'sec at5· and 700 nm, respectively. Definitions of E
1

, 

E2 and E3 given in the text. 

L

I1
', _. _R_a.;.:t.;.:e:c;..;;.:.0:.::f~. ,-N.,-~--==p.=.+_R.::...:.e.::.d u-::;;c:::.t ~_. o_n ___ ·.·~ 
, IIA-:-min -1 at 340 nm 

! R650 R700 R700+650 I 

i I 

Sample 

-------·'i-·--------·--------------------·~!---------+--------~---------
1 

2 

3 

.-.-

I '0.117 
i 
! 
I 

! 

0.107 

0.099 

0.0306 

0.0305 

0.0240 

0.191 

0.182 

0.162 

, 

I 
. i 

2.43 

2.46 

2.66 

1.38 1.30 

1.42 1.32 
i 

I 1.41 1.33 
I . 
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TABLE II 

ENHANCEMENT OBTAINED USING DIFFERENT PATTERNS OF ILLUMINATION FOR THE 

[H
2

0 .~ NADP] REACTION BY CHLOROPLASTS 

Reaction conditions as in' Table I, but with different illumination 

patterns" as indicated. 
+ . -1 

R, rate of NADP redu.ction, M-min at 

340 nm. 

Illumination Patt.ern 

(A) . (B) 

Sample [~; ~R' ~R+R] [~R' ~R+R; ~] 
f 

I R650 R700 R700+650 E1 R700 R700+650 R650 E1 
I 

1 0.110 0.0288 0.186 2.64 0.0288 0.186 0.105 2.84 

2 0.105 0.0276 0.179 2.71 0.0284 0.189 I 0.109 2.82 

3 0.100 0.0282 0.172 2.58 0.0284 0.182 0.105 2.74 
I 

Illumination Pattern 

CC) CD) 

Sample I r~R; ~, ~+FR] [~, ~+FR; ~R] 

I R700 R6s0 R650+700 E1 R650 R650+700 R700 El 

i 
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 P .0279 0.095 0.186 3.28 0.109 0.187 0.0280 2.81 
I 
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TABLE III 

E~1iANCDIENT E1 WITH TWO ACTINIC LIGHTS AT DIFFERENT OR AT THE SAME 

\vAVELENG'rH FOR THE [H
2

0 ~ NADP] REACTION BY CHLOROPLASTS 

Reaction conditions as in Table I. Wavelengths of illumination are 

indicated in the table. Three chloroplast samples were measured and 

twelve measurements on each were made successively in the order of 

presentation. R, rate of NADP+ reduction, [lA-,min-l at 340 nm. 

Sample R650 R700 R700+650 El R650 R'650 R650+650 El 

1 0.095 0.0307 0.174 2.59 0.099 0~0321 0.130 0.90 

2 - - - - 0.099 0.0314 0.128 I 0.91 

3 0.095 0.0288 0.168 2.53 . 0.091 0.0302 0.117 I 0.86 I 
I I 

1 0,092 0.0287 0.165 2.54 0.090 0.0311 0.118 I 0.88 
i 

2 0.093 0.0286 0.162 2.42 0.090 0.0301 0.115 I 0.84 
i 

3 0.089 0.0274 0.157 2.46 0.090 0.0296 0.113 I 0.78 
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TABLE IV 

REPEATABILITY OF THE ENHANCEMENT EFFECT FOR THE [H20 ~ NADP] REACTION 

BY CHLOROPLASTS 

Reaction conditions as in Table I. The order of the 18 measurements on 

a single chloroplast sample was top to bottom in each column,. then left 

to right. 
, + . -1 

R, rate of reduction of NADP , 6,A,min at 340 nm. Illtimina-. 

tion patterns as described in the text. 

Measurement Index Number 

. 
Illumination 

Pattern 1-3 4-6 7-9 10-12 13-15 16-18 

R650 0.117 0.111 0.107 0.095 0.088 0.086 
\ 

R700 0.0305 0.0305 0.0237 0.0253 0.0230 0.0247 
-

R700+650 0.191 o .18f 0.159., 0.154 0.137 0.128 

(A) E1 2.43 2.33 2.22 2.33 2.13 1. 70 

(B) E1 - 2.'63 2.45 I 2.73 2.60 2.20 

"!" 
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T.ABLE V 

ENHANCEMENT FOR THE [H
2
0 ~NADP] REACTION BY CHLOROPLASTS IN DIFFERENT 

REACTION MIXTURES 

Chloroplasts in Solution A [Tricine buffer, 45 roM, pH 7.5; MgC12 , 7.5 roM; 

NADPT, 0.67mM] or Solu.t.ion 13 [Tricine buffer, 33 roM, pH B.2;MgC12 , 

. ". +." .' 
1.7 mH; ADP + Pi, 3.3 mM; NACP , 3.3 roM], and for both solutions, ferre-

doxin, saturating; plastocyanin (PCy), saturating or not added; ierredoxin

NADP+ reductase (Fp), saturating or not added. Enhancement values deter-

mined for reactions. in "normal" solutions A and 13 are given in columns 

(1) and (5), respectively. Alterations of the "normal" solutions. as 

indicated in columns (2), (3), (4) and (6), (7), (B) were done singly, 

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

tern (A). , 
Chloroplasti PCy 

i + 
preparatiOn! Fp 

+ 

CP-suc 

+ 

CP-NaCl 

NormallpH B.2 j+(ADP+pn MgC12 I Normal: pH 7.5 !-(ADP+Pi): MgC1 2 

I
. i .:1. 6 7 roM 7.5 IIL.11 

'/' (1) (2) --I (3)'! (4) f' (5) i (6) I (7) ! (8) 

'! : I ! • 
! I . i . f 

2.32 1.62 LBO: 0.92 :;-0.24! 0.63 0.34 2.09 
!, j 

2~14 1.39 1.44 0.84 Ii; 0.25 I 0.26 0.27 2.23 
! I 

I . -

2.26 1.59 1.62 (: 0.36 : 2.14 
): 

1.49 

1.54 

1.36 

I 2.43 

I 2.13 

I 2~36 
I 

-0.43 

-0.20 

0.14 

1.84 

1. 75 

1. 78 

2.12 11.57 

2.59 1.72 

2.34 1. 81 

1.37 

1. 20 0.36 

1.14 

1.80 

1. 26 0.84 

1.54 

1.68 . 

1.52, 1. 06 

1.57 

i 

II'.! 0.37 i 0.24 
: I 1:-0.21 I 0.63 

Li 0.32 ~0.16 

I 
0.98 10.B6 

I 
0.74 , 0.68 

i 0.62 

II -II 0.55 ! 0,.74 

11
10

•64 10.62 . I ! ' 
:,0.76 10.64 

0.42 
i 
: 1.63 

0.53 ! 1. 37 

0.96 11.41 

1.08 2.03 

0.84 1.98 

0.86 il.86 

I . 

1.10 12.26 

0.84 ;1.88 

0.53 
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TABLE VI 

ALTERNATIVE MODELS FOR THE ROLE OF DIVALENT CATIONS IN ENABLING 

RED - FAR RED ENHANCEMENT FOR THE [H20 -7 NADP] 'REACTION BY BROKEN 

CHLOROPLASTS 

Model A Model B 

1. Electron transfer between l. Electron transfer between 

P II and P I occurs in the P I and P II occurs in the 

absence of divalent cations; presence of divalent cations; 

not in their presence. not in their absence. 

2. Intrinsic absorption of P II 2. Intrinsic absorption of P II 

is greater than that of P I is equal to that of P I in 

in the region 620 to 680 nIn. the region from 620 to 680 run. 

Both models': 

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

lengths longer than 690 run. 

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 otherwi~e be rate limiting. 

,. 

,-, 
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FIGURE CAPTIONS 

Fig. 1. Quantum requirements at 650 nmCo) and the rates of photoreduction 

ofNADP+ at 650 nm. (s:l) or 700 I1l!l (.4) in the [H 0 ~ NADP] reaction by 
2 

broken chloroplasts (CP-suc) as functions of the actinic light intensity. 

The reaction mixture (Solution A) is given in the text. + The rate of NADP 

reduction was'measured as the change in absorbance at 340 run per unit time. 

Chlorophyll concentration 27 ~g/ml. 

Fig. 2. Typical time course for the photoreduction of NADP+ by broken 

chloroplasts (CP-suc) in: the [H20 -'" NADP] reaction using two actinic 

,,,avelengths. The reaction mixture (Solution A) is described '.' in the text. 

The illumination pattern [~; ~, ~R+R] is iJ·lustrated in this experiment; 

-2-1 
incident intensity of far-red light at 700 nm, 2.3 nanoeinsteins-cm -sec ; 

incident intensity of red light at 650 nm, 1.4 nanoeinsteins-cm-2-sec-1 • 

Chlorophyll concentration 27 ).Ig/m!. 

Fig. 3. Effect 'of the MgC12 concentrationon the rate (A, upper curves) 

and on the enhancementEl (B, lower curve) of the [H20 ~ NADP] reaction 

by broken chloroplasts (CP-suc). Experimental conditions as described in 

Fig. 2, except MgC12 concentration varied; incident intensity of 678 nm 

1 · ht 2 4 . . -2 -1 V . 1 b h d d d ~g , • .nanoe~nste~ns-cm -sec • ert~caars s ow stan ar evia-

tions of replicate measurements. 

Fig. 4. Effect of the MnC12 concentration on the rate (A,' upper curve) 

and on the enha:ncement El (B, lower curve) of the [H20 ~ NADP] reaction 

by' broI<en chloroplasts. EXperimental conditions as in Fig. 3, except 

MnC1 Z in place of MgCl
Z

• 

I. 
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Fig. 5. Effect of the NaCl concentration on the rate (A, upper curve) 

and·on the enhancement El (B, lower curve) of the [H20 ~ NADP] reaction 

by broken chloroplasts. Experimental conditions as in Fig. 3, except 

NaCl iriplace of MgC1
2

• 

Fig. 6. D'cpendence of the enhancement El on actinic light intensity of 

red light for the [H20 4 NADP] reaction by broken chloroplasts. El 

(R700+R-~)/R700' Experimental conditions as in Fig. 2, except the 

incident red light intensitiesIR are varied from zero to 3.2 nanoein-

. -2-1 
ste~ns'cm ·sec • The three curves are for red light at 630, 650 and 

670 nm, respectively, as indicated. 

Fig. 7. Dependence of the enhancement E2 on actinic light intensity of 

red ~igh,t, for the [H20. ~NADP] reaction by broken chloroplasts. E2 

(R700+R-R700)/~' Experimental conditions as in Fig. 6. 

Fig. 8. Activation spectrum of the enhancement El for the [H
2
0 ~ NADP] 

reaction by broken chloroplasts. El = (R700+R-~)/R700' Measurements made 

at approximately equal absorbed intensities (1.15 ± 0.15) nanoeinsteins' 

.,..3-1 
em 'sec, of red light at wavelengths from 620 to 690 nm. Absorbed 

intensity 0.37 nanoeinsteins cm-3 ·sec-l .at 700 nm for all measurements. 

Other reaction conditions as in Fig. 2. 

Fig •. 9. Quantum requirements under normal (0) and under enhanced (ll.) 

conditions for the [H20 -)0 NADP] reaction by broken chlo~oplasts. 

~eaction conditions as in Fig. 6. Definitions: 1/9
650 

(normal) = 

I650 (absorbed) /R650; and 1/9650 (enhanced) = I650 (absor,bed) / (R700+650-R700) • 

I. 

• 
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Fig. 10. The enhancement ratio E1 as a function of intensity of red 

light absorbed for the [Ascorbate + DCIPH2 -7> NADP] reaction. Measured 

values using red light at 650 nm (D) or 670 nm (0) at various intensities 

supplemented by far-red light at 700 nm and constant absorbed intensity 

-3 -1 (0.43 nanoeinsteins-cm -sec ). The curves are calculated assuming no 

actual enhancement, but taking account of the approach to saturation of 

the reaction by red light alone. Chlorophyll concentration 13 ).Ig/ml. 

--

'II 
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r-----------------_LEGALNOTICE---------------------. 

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