EMERSON ENHANCEMENT EFFECT AND TWO LIGHT REACTIONS
IN PHOTOSYNTHESIS

Govindjee

Dedicated to the memory of late Professor Robert Emerson

During the 1940's Robert Emerson discoveredl’2 that the
quantum efficiency of photosynthesis, plotted as a function
of wavelength, drops appreciably long before one reaches the
long-wave limit of absorption by chlorophyll a. This decline
is referred to as the ''red drop.' Recently it has become
clear that in green cells, this "drop'" begins when the form of
chlorophyll a, absorbing at the longer wavelength, becomes the
prime absorber. Persistence of a certain photosynthetic
activity to wavelengths up to 740 mpy could be interpreted either
in terms of fractional absorption by the short-wave form of
chlorophyll a (Chl a 670) extending into the far red, or by
ascribing to the ''long-wave form" of chlorophyll a, the capacity
of bringing about complete photosynthesis but with a very low
yield. Excitation of the "long-wave form'" of chlorophyll a
alone in green cells certainly is insufficient to bring about
all photochemical steps involved in photosynthesis with a high
yield. 1In the case of the red and blue-green algae, the drop
occurs at shorter wavelengths”’" apparently, when chlorophyll
a takes over the role of the main absorber from the phycobilins.
It seems that all (or almost all) chlorophyll a in red and blue-
green algae has the same photochemical function as do the long-
wave forms of chlorophyll a in green plants.

In the photosynthesis laboratory at Urbana, a long series of
experiments®™® revealed that by exciting one of the '"short-wave
pigments™ (chlorophyll b and Chl a 670 in green algae; phycoerth-
rins and phycocyanins in red and blue-green algae; fucoxanthol,
chlorophyll ¢ and Chl a 670 in diatoms), simultaneously with
the long-wave form of chlorophyll a, the '"red drop" could be
avoided, Simultaneous excitation of two 'pigment systems'
permits the plants to use efficiently the energy absorbed in
the "long-wave" form of chlorophyll a. This synergistic effect
is referred to as the "Emerson enhancement effect', Studies
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of this effeit have given the first evidence for the now widely
postulated hypothesis of two photochemical systems participa-
ting in photgsynthesis. The enhancement effect has been studied
by manometry“? polarography™~ "/, mass spectrometry

and by the radiocarbon tracer technique. Its finding both in
oxygen evolution and in CO, uptake shows that it is characteris-
tic of photosynthesis as a whole. Experiments on the Hill
reaction?2-24 suggested the involvement of the two pigment
systems in this process as well. Further evidence for the
existence of two such systems has come from difference spectro-

scopy - °? <77 electron spin resonance studies 29 31 studies
of fluorescence , and luminescence (afterglowz R absorption
spectroscopy~"? , as well as studies on mutants®’, from flash-

ing light experiments“4»™%, and from biochemical investigations.

This paper summarizes some of our recent work on the "red drop’
and the enhancement effect in whole cells and in chloroplast
preparations.

I. INVESTIGATIONS ON THE "RED DROP' IN PHOTOSYNTHESIS

A. Algae Pioneer studies of Emerson and coworkers s ged the
occurrence of "red dzog" in several a&gai (Chlorella™»“, Anacy-
stis®®, Porphyridium™?°% and Navidula At 20°C, the decline
in the quantum yield of photosynthes1s in Chlorella begins at

680 my, and the yield is halfway down to zero at 696 my. This
decline is affected by several factors: (a) Presence of appro-
priate background light ("enhancement effect" ). 1In this case,
the decline may disappear altogether, (see figure 1).
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(b) Temperature, Lowering the temperature shifts the beginning

of the decline to longer wavelengths.2 At 10°C, the quantum
yield starts declining only at 690 mp and is halfway down at
730 mu. (c) Growing the algae in 'earth extract" (an undefined
organic medium). This too, shifts’ the beginning of the decline
to longer wavelengths and causes the enhancement phénomena to
disappear. (d) Growing the algae in glucose medium?3 does not
shift the beginning of the decline appreciably, although there

is a somewhat higher activity at longer wavelengths, as compared
to that of cells grown completely in inorganic medium., The
persistence of the drop suggests that no significant amount of
energy can be supplied to photosynthesis from exogenous respira-
tion. (e) When Chlorella was grown in heavy water, the decline43
in the yield began at 670 mp (instead of 680 mu); no enhancement
was observed in these cells. An interpretation of this effect
must await studies of the absorption spectra of cells grown in
D30.

B. Chloroplasts from Higher Plants.

Experiments made on the Hill reaction, using quinone23, NADP24

or ferricyanide (in the presence of a catalytic quantity of the
dye 2, 6 DCPIP“468, (figure 2), revealed a long-wave decline
{"red drop") similar to that found in photosynthesis of whole
cells. An ea%ancement effect also has been observed, at least
with quinone®~ and NADPZ4, (see section V). This lends support
to the previously suggested concept that the Hill reaction and
photosynthesis have the same photochemical mechanism.

C. Bacteria.

Uptake of CO, + Hp was followed in Rhodospirillum rubrum
suspensions at certain selected wavelengths, beyond the major
peaks of bacteriochlorophyll, i.e. in a region where one would
have expected a decline analogous to the 'red drop" in photo-
synthesis. The quantum yield found at 940, 960 and 980 mu46b
were all in the range of 0.10, similar to those found at the
shorter wavelengths and suggesting absence of a '"red drop".
Blinks and van Neil noted the absence of an enhancement phen-
omenon in bacterial photosynthesis.

D. Discussion.

The question "Does the existence of a 'red drop" per se prove
the presence of two photochemical systems?'" must be answered in
the negative, If, for a certain reaction, say - the Hill



321

Govindjee

reaction with a certain oxidant- the long wave form of chlorophyll
a (Chl a 680/Chl a 690) were simply inactive, one would still
get a "red drop'!

Conversely, the absence of a "red drop"” cannot be taken as
proof of the absence of two light reactions, because extensive
overlapping of the spectral bands of the two systems could make
separation of their effects difficult.

However, the presence of both "red drop" and an enhancement
effect clearly suggests the existence of two photochemical
systems acting cooperatively in the overall process of photo-
synthesis,

II. "LIGHT CURVES" OF PHOTOSYNTHESIS IN MONOCHROMATIC LIGHT

Studies of the enhancement phenomena are reliable only if the
light curves (the plot of the rate of photosynthesis, R, as a
function of light intensity, I) are linear in the intensity
range of the experiment, so .that by combining the two beams, one
does not get into the saturating (or at least less sloping) range,
suggesting 'megative' Emerson effect. Similarly a "positive’
effect can be wrongly inferred when one of the light curves is
sigmoid in shape (cf. below). This necessitated a careful
investigation of the light curves under different conditions.

A, Light Curve with "Knick"

McCloud48 (as well as Govindjeegb’49) had observed that the
saturation rates of photosynthesis in various algae were depen-
dent on the wavelength of light; at the longer wavelengths-
beyond 680 myu - an "early'" saturation on a relatively low level
was reached. These observations were very difficult to inter-
pret, since saturation was supposed to be imposed by the availa-
bility of a 1imiting enzyme, which should be the same whatever
the wavelength of light. Because of the narrow range of light
intensities used in my earlier experiments, which had led to
the above conclusions, we repeated these measurements on
Porphyridium over a wide range of intensities. Two wavelengths
were selected -- one absorbed primarily by phycoerythrin (546
my) and the other by the "long wavelength” form of chlorophyll
a (700 my). Advantage was taken of the well-known fact that
saturation levels are lower at the lower temperatures, Measure-
ments were made at 3-5°C (see figure 3). The 700 mpy light curve
seems to approach the same saturation level as that obtained in



322

Govindjee

green light, in contradiction to the results of McCloud48 (and
my own earlier conclusionsSb’ag). In an independent study,
Pickett and Myers14e found the same saturation rate at different
wavelengths in Chlorella. The cause of the discrepancy between
the newer and the earlier results is that the 700 mp light curve
has a peculiar "break", which was mistaken for '"saturation",

due to the narrow range of intensities studied.
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at 50 °C.

My new measurements show a clear "Knick'" in the light curve
at 700 mp (figure 3). Kok had observed such broken light curves
(see Rabinowitch?" for a discussion of this "Kok effect"). Hoch
and coworkers? recently reported light curves of the same type
in Anacystis. Jones and Myers d, in an independent study, also
observed such curves in Anacystis.

B. S-Shaped Light Curves.

Figure 4 (lowest curve) shows a light curve obtained at
700 mp in Porphyridium cruentum at 20°C under anaerobic conditions.
It is clearly S-shaped. The middle curve shows that addition of
another beam of the same wavelength, makes the curve linear.
With Bannister & Vrooman17; I believe that under nitrogen the
lower segment of the S-shaped "light curve' is due to immediate
consumption of the oxygen evolved in photosynthesis; the oxygen
production in photosynthesis, is therefore not registered by the
polarograph. At higher intensities, oxygen production increasing-
1y exceeds oxygen consumption (thus destroying the external
anaerobic condition). (Reference may be made here to a paper by
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Franckgg_glsl which suggests several other possible interpreta-
tions of S-shaped light curves obtained in white light under
anaerobic conditions).

S-shaped light curves are well-known in bacterial photosyn-
thesis”™; recently they have been found also for the production
of ATP by chloroplasts.52 We observed#62 an S-shaped light
curve for oxygen production by spinach chloroplasts. (The
reaction mixture contained excess of ferricyanide and traces of
2,6 DCPIP).

A method to observe enhancement in non-linear light curves
is through the experiment shown in figure 4, (1) The rate of
reaction as a function of light intensity of the far-red light
(A) is first measured (lowest curve, figure 4) (2) The same is
done in the presence of another beam (B) of far-red light, of
the same wavelength (middle curve, figure 4) (3) The same is
done in the presence of supplementary beam (C); the intensity
of which is adjusted to give the same rate of reaction as that
produced by beam (B). Enhancement is then the difference
between the upper curve and the middle curve or

E = R1,2 "R (1)
(Ry,2' = Rod
where E = Emerson enhancement, R = rate in both
supplementary and far red beams, R, ="t&ate in supplementary

beam alone, Ry = rate in far red beam alone, and Rz’zl is the
rate in combined far-red beams.

C. Light Curves with Continuously Decreasing Slopes (early
saturation effects).

Light curves for various Hill reactions, in generalS3 show a
decreasing slope with increasing light intensity, (i.e. only a
very short linear range is available)., _This raises the
question of the validity of the results™®> 1 in which no
Emerson enhancement was reported for the Hill reaction. The
650 myu light curve for NADP reduction shows the above mentioned
early bending of the light curve, 24b.5 Due to early ''satura-
tion' effects, two beams of 650 muy light, given together, give
a rate smaller than the sum of the two separate rates.*, True
enhancement can be calculated by taking this fact into account
by means of the equation:
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E= F1,0 7 By gt - R 2)

Ry

where the symbols have the same meaning as in equation (1),
except that Rl, is the rate due to the second (supplementary
beam) alone, the intensity of the latter being adjusted so as
to give the same rate as that of RZ'

III. ENHANCEMENT EFFECT AND THE TWO PHOTOCHEMICAL SYSTEMS

A. Action Spectra.

The action spectra of the enhancement effect, measured with
a background of far-red light, led to the identification of pig-
ments present in one of the two postulated phoiosystems
(system I1). Of course, these action spectra do not follow the
true absorption curves, but rather the"fractional-absorption'
curve of the pigments belonging to system IIL. Similarly, the
action spectra obtained in the presence of background light of
shorter wavelength, suggest the fractional absorption curve of
pigments in system I. From our previous studies8, we concluded
that system II in diatoms and green algae includes the short-
wave form of chlorophyll a (Chl a 670). (See figure 5 for the
absorption spectrum35 of Chlorella, showing bands corresponding
to the two forms of chlorophyll a). Light energy absorbed by
chlorophyll b is assumed to be transferred to Chl a 670. System
I is mainly composed of the long-wave forms of chlorophyll a
(Chl a 680/Chl a 690 and "Chl a 700"). 1In figure 6, the solid
curve refers to the action spectrum of the enhancement effect in
the presence of 700 mp background light, suggesting the ident-
ification of chlorophyll b and Chl a 670 as components of system
II. The dashed curve refers to measurements in the presence of
650 mu background light. The ratio of the rate due to far-red
light to that due to sugzlementary light is kept constant (1:2).
Unlike Myers and Graham'%C, we observed enhancement of 650 mp
action by 670 my light. It, thus, appears that Chl a 670 occurs
in both systems, On the other hand, the long-wave chlorophyll a
forms belong exclusively to system I; while chlorophyll b belongs
exclusively to system II,

Soret bands. Forkuhas shown that, in red algae, in the action
spectrum of enhancement with a background of green light, system
I exhibited a Soret band. This was confirmed by Blinks, 15 " The
demonstration of this band in green algae and diatoms has not met
with success in our hands, perhaps due to a strong overlap of ab-
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sorption bands of systems I and II in the blue end of the
spectrum,

The action spectrum of the enhancement effect with a 700 my
background light in Chlorella8¢, showed, however, a hump around
440 mp, in addition to several other bands, due to chlerophyll b
and Chl a 670. This 440 mp band may be due to the Soret band of
Chl a 670.
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B. LIGHT INTENSITY AND THE ENHANCEMENT EFFECT

Enhancement was measured, both as a function of the intensity
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of the supplementary light when 700 mp light is kept constant,
and as a function of increasing intensity of far-red light,
when the supplementary light is kept constant. Figures 7 and 8
show that: (1) With an increase in the intensity of supplement-
ary light, the enhancement reaches a plateau and then declines
(perhaps we reach the region where the slope of the light curve
decreases), (2) With an increase in the intensity of 700 mp
light, the enhancement decreases. Similar results were obtained
with 650 and 700 my light, and with 670 and 700 mpy light. No
enhancement was seen between 690 and 700 mpy at any of the in-
tensities used. Due to the use of manometry in the above meas-
urements, effects of light on the oxygen uptake could not be
avoided. With this in mind, we checked part of our results in
Chlorella with a mass spectrometerl?, Enhancements by factors
up to 8-10 could be obtained by selecting the appropriate in-
tensity and wavelengths, (650 mu and 720 my). Enhancement in-
creases with an increase in the intensity of 650 mu light, and
decreases with an increase in the intensity of far-red light

(at 720 mu).
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1v. ENHANCEMENT EFFECTS IN CHLOROPLAST REACTIONS

We have consistently observed the enhancement phenomenon in
the Hill reaction with isolated chloroplasts, using quinone23 and
NADP24 as oxidants. These experiments clearly show the existence
of an enhancement when a far-red beam is supplemented by light of
a shorter wavelength. The action spectrum of this effect has
peaks at 650 my (due to chlorophyll b) and 675 my (due to chloro-
phyll a). (See figures 9 and 10). Enhancement of NADP reduction
was accompanied by enhancement of oxygen evolution. The situation
may be different with other Hill oxidants, such as certain dyes,
or ferricyanide.
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and Hoch).

' FLUORESCENCE STUDIES

We reported32 that the 685 my fluorescence excited by 436 myL
light is quenched by the addition of 700 my light. This effect
can be interpreted in terms. of two photochemical systems.
Butler33, Duysens and Sweers3? obtained similar results. To
clarify the mode of action of different oxidants by observing
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their effect on the fluorescence yield of "P 700" and Chl a 670,
we first measured the action spectra of fluorescence at room, and
at liquid nitrogen temperatures.
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Figure 11. Fluorescence excitation spectra of isolated spinach
chloroplasts, measured at 22° C (right) and at -196° C (left);
note a twentyfold increase in the fluorescence yield. The appear-
ance of a new band at 700 mu in the cooled sample is clearly
demonstrated; tentatively, it can be assigned to P 700~a pig-
ment (or pigments) absorbing at 700 mu. Ferricyanide (1073M)
quenches fluorescence yield (see open circles) at all the wave-
lengths—due to the formation of non-fluorescent oxidation
products of the -pigments (after Louisa Yang and Govindjee).

First, we show (see figure 11) the action spectrum of fluores-
cence of a chloroplast suspension, measured at 758 mp and at

-196° C. A peak at 705 my appears (which is not present at room
temperature). This provides independent confirmation of Butler's>®
prior findings. The peak is believed to be due to P 700.

In Anacystis, fluorescence spectra (see figure 12) (excited by
436 and 605 my light, absorbed primarily by chlorophyll a and
phycocyanin respectively) show (1) that chlorophyll a fluores-
cence, when excited via energy transfer from phycocyanin, is much
stronger than when it is excited directly; (2) that excitation in
the Soret band of chlorophyll a is not transferred to phycocyanin;
(3) that energy transfer yield from phycocyanin to chlorophyll a
is much less than 100%, as some energy is lost as phycocyanin
fluorescence (peak at 650 mp); (4) upon cooling to -196° C, new
peaks appear at 696 mu, 718 my, and a shoulder at 760 mu.
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The ratio of intensities of the 718 and the 685 mu fluores-
cence bands at -196° C is higher when chlorophyll a is excited,
than when phycocyanin is excited. This suggests two separate
chlorophyll a systems: (1) one system in which the energy prefer-
entially goes to the part of chlorophyll a that fluoresces at
718 mp; and (2) another system in which the energy preferentially

goes to the chlorophyll a that fluoresces at 685 mu.

The 750 mu peak in the excitation spectrum (see figure 13) 1is
observed consistently, and is perhaps due to P 750 N. The 760 my
shoulder in the fluorescence spectrum is due to the fluorescence

of this pigment. The 696 mu band may be due to the "unknown trap"
of photosystem II (cf. also 57 and 58).

180
160
o
140
z
E
glzo r
s
Zroo
3 H
=z L ?
=80 ! w5 755
¢ i FLUORESCENCE SPECTRUM
& 60 H ANACYSTIS
2 !
& 49 7 EX605-196%
S /
z “oa,
200 SEE INSERT. "o
i ey EX430EX SOIRT o
Lo EXABTRT ™ * wanny 30 S0000-0-02
g, o X ht X gy
600 650 700 750 800 550
WAVELENGT H,my
Figure 12. Fluorescence emission spectrum of
Anacystis. (after Spencer and Govind jee).
160(— )\
-i96°C
o FLUORESCENCE EXCIT-
" ATION SPECTRUM
8 12— ANALYSIS - Measured
& of 8if mp
@
a2 L
3
<]
3
T 8o
w
£
N
s
3
a
&
40—
¥ Chiorelta
L Mg 02
|

d ]
400 500

Figure 13. Fluorescence excitation spectrum of
N Anacystis at two-temperatures (after Spencer and
Govindjee).



330

Govind jee

VI. CONCLUDING REMARKS AND SUMMARY

1. The quantum yield of photosynthesis in Chlorella begins to
decrease at 690 mu and declines to about 50% at 730 my (at 10° C).
No analogous decline was noticed in bacterial photosynthesis.

This may mean that a photochemical system of type II is absent
in bacteria.

2. A prior knowledge of the shape of the "light curve'" (the
plot of the rate of the 09 evolution as a function of light in-
tensity) is necessary to calculate the enhancement factor. A
study of this relationship shows the existence of: (a) S-shaped
curves, e.g. in photosynthesis under anaerobic conditions, and in
0, evolution in chloroplasts in the presence of ferricyanide with
catalytic amounts of DCPIP; (b) curves with a discontinuity or
"knick' (700 my light curve for oxygen evolution in Porphyridium,)
(c) "light curves" with a rapidly decreasing slope with increas-
ing 1light intensity.

3. The Emerson enhancement effect first increases linearly
with an increase in supplementary light intensity, then saturates
and finally declines. It decreases with an increase in the
intensity of far-red light.

4, The data presented substantiate the hypothesis of two
light reactions involved in both photosynthesis and the Hill
reaction. From the two action spectra of the enhancement effect,
measured with constant far-red and with constant supplementary
beam, respectively, and from fluorescence studies, there emerges
a picture of two photochemical systems: System I. This is com-
posed of Chl a 680/690 and its "trap," P 700. The P 700 is non-
fluorescent at room temperature, and fluorescent at liquid nitro-
gen temperature. Its fluorescence peak is at 718 mu. Some
Chl a 670 also belongs to this system. System II, This is com-
posed of Chl a 670, and the "accessory pigments." Chl a is
fluorescent at room temperature.

5. 1In Anacystis, measurements, at -196° G, of fluorescence
spectra, excited at 436 my (chlorophyll a) and 605 my (phyco-
cyanin), show that the relative heights of fluorescence bands
at 687 my and at 718 my are very different. The ratio of the
maxima of the 718 mp fluorescence band to that of the 687 my
band is greater when Anacystis is excited by 436 my light, than
when it is excited by 605 my light. This suggests the existence
of two kinds of chlorophyll a: one that receives its energy
primarily from the phycobilins, and another that receives its
energy directly from chlorophyll a.
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