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Summary. Changes in the intensity of the electron spin resonaince signal of divalent
manganese were found to occur in suspensions of wild-type Chlamydamonas reinhardi.
The dbserved manganese signal decreased in the light and increased in the dark. Through
the use of a continuous-flow system it was possiible to determlline that the manganous ions
responsible for the observed, signal were localized solely in the medium. Changes in the
signal intensity associated with wild-type cells were independent of the ability of fragments
prepared from these cells to perform the Hill reaction with 2,6-dichlorophenol-indophenol
(DPIP) as the oxidant.

The manganese signal changes were still evident, though smaller, in cell suspensions
of wild-type cells treated with 3-(3,4-dichlorophenyl)-1,1-dimethylurea, and in mutant
strains unable to carry out the Hill reaction, ac-ii5 and ac-I4i.

From these data it is concluded that the changes in intensity of the manganese resonance

,-re not related to the function of manganese in photosynthesis but may reflect the capacity
of cells for ion u,ptake in the light.

Two light induced electron spin resonance (ESR)
signals, signals I and II, have been dbserved in studies
of photosynthetic organisimis. Some of the properties
of these resonances have beein detennined in order to
relate their occurrence to the operation of the photo-
synthetic electron transport chain (1). Signals I and
II appear in the same portion of the magnetic field
as does the -six-peak ESR signal characteristic of
divalent manganese, and frequently they are seen
superimposed on the manganese spectrum. This super-
-position has been noted for Chlorella pyrenaidosa
(15), Chla*nydomonas reinhardi (7), Sce-nedesnu(s
sp. '(3), and Anacystis nidulanis (5). M1anganese has
long been established as a requirement for plant
growth, and it has been strongly implicated in ,photo-
synthetic oxygen evolution. However, no mechanism
for its role in photosynthetic oxygeni evolution is
known.

Treha.rne and co-workers (15) have reported that
the manganese signal observed with preparations of
C. pyrenoidosa decreased in magnitude in the light
and increased in magnitude in the dark. Thev sug-
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gested that the changes in signial inten-sity were re-
lated to some function of manganese in ,photosynthesis
(13). Allen and her cowvvorkers (1) were unable to
detect an,y light-induced change in the intensitv of
the manganese signal that they dbserved in suspen-
sions of cells of C. pyrenoidosa. Also, no light-
induced change in the manganese signal has been
reported for the other aigae.

The study of the ESR manganese siignal in cells
of C. reinhardi reported here was undertaken in order
to determine whether the magnitude of the manganese
signal was affected by incubation in the light or in
the dark and, if so, whether such changes in magni-
tude could be related to fphotosynthesis. From our
evidence it appears that changes in manganese signal
intensity in light and dark do occur but that these
changes are not related to the role of manganese in
photosynthetic oxygen evolution.

Materials and Methods

Cell Cultuircs. Wild-type and imutant strains
ac-ii5, aC-I4I, of C. reinhardi, (strain 137c), were
used in this study. The nmutant strains examined are
unable to carry out normal photosynthesis and requirc
acetate for growth. In ac-II5 and ac-IWI mutant
strains cytochrome 559 is either missing or non-
functional (6), and chloroplast fragments prepared
from these strains cannot carry out a Hill reaction
though they are able to photoreduce pyridine nucleo-
tide with reduced indophenol dyc- as the electron
donor (8).
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Cells were cultured on minimal medium ( 12)
supplemente(l with 0.2 % sodiunm acetate. Manganese-
deficient cells were prepared by growth on medium
which was treated to remove mnangalnese contamina-
tion. The cultures were illuminated continuouslv at
anl inteniisitxy of 4000 Itix froml davlight fluorescent
lamips anld agitate(l on1 a Gvrotorv shaker. Tlie tem-
perature was controlled at 25;. Th'lie cells wvere
harvested in late logarithmic plhase of growtll. The
mediunm in which they- w-ere grown wvas employed as
the suspending- med;ium1l inlESR stud(lies.

I)irect cell coutntswere made with the aidl of a
Iiemacv,tometer. Chlorophyll concentration wvas car-
riedl out according to a modification (2) of tlle
milethodl of _\IacKinnev (9).

Spectromlctcr Systemii. ESR measuremitents wvere
miiade on a Varian 4502 EPR spectrometer operatinlg
at a microwave frequency of 9.5 kilomegacycles
(v = 9.5 X 109 sec-1) with fieldwlodulation at 100
kilocycles. The signal was displayed on a Varian
recorder. Two general methods, the static method
and the continuous filow method, were used 'for exam-
ining the cells. In the static method the cells were
concentrated, resuspended in their original growth
medium (30 % cell volulmie/total rolume), and placed
in the Varian quartz aqueous solution sample cell
having an effective volume of 0.05 inml. The sample
cell was placed in a slotted cavity and illumiinated
with 'wvater-filtered red light fromn anl air-cooled 500
vatt tungsten lamnp) 0.6 mleters distant frolm the cavity.

Tlhe red filter used Nx-as a Cornini- 2'-64 glass filter.
trans,mitting aavelengths above 650 ln. All the
mieasuremnenits were iimade at rooml tenmperature. 'Thlie
average clhlorophvll concentration in the samiiple was
1 mg/nml and the average cell number 2.0 X 108/nml.

There are many difficulties inherent in studies of
cells using the static method. The high volume of
cells to total volume 'loaded in the sample holder and
the limited availability of air make it unlikely that
cellis are being studied under physiological, conditions.
The geometry of the sample holdeir is such that only
a fraction of the cells loaded is examined, and the
cells that do, not fall witlhin the walls of the cavity
can never be illuminated. Furthermore, in the course
of a single experiment, the cells settle out so that the
number of cells actually within the walls of the
cavity is constantly diminished. To overcome these
difficulties and to permit long term studies of man-
ganese signal changes under different conditions, a
continuous flow system was developed.

The flow system was constru'cted so that the cells,
suspended in their original nedium, moved from an
open glass reservoir and through transparent Tygon
tubing coiled in a plane. The tubing was illuminated
wvhen desired w-ith a bank of five 30-watt fluorescent
lights providing 10,000 ltx of illumination. The
suspension 'wvas circulated through the tubing to the
samlple cell in the cavity and back to the reservoi,r in
a continuous cycle with a Manostat 72-590 Varistaltic
pumip. The total volume of the system wvas 50 ml,
and the timlle required for a single circulation of this

volume around the flow circuit was about 30 seconds
under typical conditions. The concentration of cells
was kept sufficiently low to allow the light to pene-
trate to a depth that was greater than or comparable
to the thickness of the suspension used. In the systen
used here the thickness of the suspension was equixa-
lent to the inner diameter of the Tygon tutbing (about
3 inim). The cell concentrationi ranged from 2.5 to
5.0 X 107 cells/ml. The corresponding range of
chlorophyll Nwas 0.05 to 0.1 mg/ml.

Hill Rectction Stuidies. 'Tlhe rate of tIme Tlilil re-
atctionj itl DPIP as thle oxidanit was mleasuired to
determiine if a correlationi existed betwecin changes iII
the magiitude of the ElSR miianganese signal and
chaniges in the ability to perforiim this partial r-eactioni
of photosynthesis. Wild-type cellis were spuini dlown
and resuspended in their own mediuml at a conceintra-
tion equivalent to that used in static ESR stuidies.
Aliquots were placed in each of several Thuntiberg
tubes, and the air in these tubes was 'replaced witlh
nitrogen. The contents of some tubes were removed
immediately, and the cells collected by centrifugation.
The other tuibes remained in the dark at room tem-
perature for 2 hours at which time these cells were
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FIG. 1. Time-course stuidy of nmanganese ESR sig-

nal changes of wild-type r.reinhardi cells examined
in the static system. The time of initiation of the
scan in the dark and after the light is turned on is
given at the left; H-* indicates the direction of change
of magnetic field during each scan. Time for a single
scan was about 5 minutes. The light was turned. on
after the cells had been in the dark for approximately
40 minutes. The 6 lines of the maniganese signmat are
centered at a magnetic field of 3200 gauss.
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collected by centrifugation. In both cases chloroplast
fragments were prepared as described (11) using
5 mIM phosphate buffer (pH 7.4) as the suspending
medium, and the Hill reaction 'was measured according
to the method described by Levine and Smillie (8). 30

Results

Static Svstemi Stzidics. In order to ascertain the
existence of the light-induced changes in the magni- 1_20
tude of the miianganese. signal, aliquots of cell's were /
examined tinder conditions of light and dark. A I 0
tyTical result is shown\i in figure 1. Trhe nanganese *
signal, barely visible at first, increases in intensity CD

during the (lark period (scans a and b). On illumi- 0lo
nation the signal decreases in intensity (scans c and
d). The six peaks of the manganese signal appear
asymmetrical indicating that changes affecting the
signl streng;th have occurred continuously during the LIGHT
5 minute scan.. This asymmetry can be noted par- 00 2 3
ticularly in the light ,period. Signal I which appears TIME (HOURS)
in the middle of the manganese signal during scans FIG. 3. Manganese signal intensity of a wild-type
in the ,]ight is smaller in scan d than in scan c in C. reinihardi suspension examined in the continuous-floow
agreement with the time-course studies of signal I system. Closed circles: manganese signal intensity as
in C. reinhardi (16) . Signal II which appears in observed with the circulating cell suspension; openin C. rehad

*
(6) 'Sga

*

1 whcapTp*arsin circles: manlganese signal associated only with SIIS-the dark and along withi signal I in the light is
present but lnot well resolved in these studies. The pending medium.
observations of changes in, manganese signal intensity
in, -the light and in the dark have been verified oni
numerous preparations of cells. The maximum miian-
ganese signal heights observed have corresponded to j
divalent manganese concentrations of 10-5 to 10-6 M. \ I \

Continuous-Flow System Studies. The sequence
of changes associated with the wild-tyipe cells exam-
ined in -the continuous-flow system under coditions
of light and dark is presented, in figure 2. The rate I
of signal increase in the dark and the rate of decrease 20
in the light remained approximately constant through- I I
out each cycle of light and dark during -the 10 hours l l

DARK LIGHT H I I

0 0

w~ ~~~ ~ ~ ~ ~F:,10 g
S2~~~~~~~~~

4
5~~ ~ ~ ~ ~ .

00 2 4 6 S 0

TIME (HOURS) 0O 0.5 1.0 15
FIG. 2. Changes in manganese signal intensity of

wild-type C. reinhardi cells examined in the continuous- TIME (HOURS)
flow system. Signal height is given as the peak-to-p-eak FIG. 4. Manganese signal changes 'of a wild-type
height of the signal averaged over the 6 peaks -of the ce1ll suspension in the light following addition of MnCl2.
signal and expressed in arbitrary units. 4H,O9 to the continuous-flow system.
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FIG. 5. Effect of addition of 10 gmI DCMU in the

light on manganese signal changes of wild-type C. rein-
lhardi cells.

Of the experiment sihowin. WhIenl smaill aliquots of
the circulating suspension were remloved in the course
of anl experiment and the cells remiiove(d b)y centriftiga-
tioIl, all the manganese signial observed with the celi
suspension was recovered in the imedium (fig 3).
'rhe slight differences Ibetween miianganese signal in-
tensity of the cell sutspensioni anid signal intensity in
the m11eldiuim alonie probably reflect physiologica;
changes whiclh took place durinig the centrifugation
of the aliquot in the dark. Thus, when the ESR
mangaliese signal is detected it is not associated with
the cells but with itheir surrounlding mi-edium.

Wlheni divalent manganese was added to a circu-
lating cell suspension the manganese signal generated
by the added ions diminished in the light (fig 4).
Since boun-d manganese does nlot show a spin-reso-
nanice signal. the loss of the mianganese signal must
be (lue to a complexing or binding of the ion with
a cell component.

\N'hen 10 -m 3- (3,4-dichlorophenyI) -1,1-dimethyl-
urea I(DCIMU) was added to completely bloc'k the
ability of the cells to carry out the H1-ill reaction, the
changes in the manganese signal in the liight and the
dark were still evident thoulgh reduced in rate to
from 50 'to 90 % of unitreated cells (fig 5). This
result prevailed whelther DCMIU was added in the
light or in,.the dark-.

Preparations of ac-ji5, anld ac-I4I were also ex-
amined in the contintiotns-flow apparatus. The de-
crease in the manganese signal in the light and its
increase in the dark occurred in cell suspensions of
these mutant strains at rates similar to that of
DCMU-treated wild-type cells.

-Hill Reactiont Stuidies. Cells w-ere incubated, as
described in the MTethods section, under conditions of

prolonged darkness to produce a high manganese
signal. The Hill reaction ability of such preparations
(high signal) was compared to that of cell prepara-
tions which had not been incubated and which had
not generated a manganese signall (low signal)
(table I). The Hill reactioni rate obtained from
chloroplast fragments was unthanrged evsen when the
external manganese signal wvas high. In contrast,
chloroplast fragments prepared from cells that had
beeni made maanganese deficient by continuous growtl
in manganese-free medium exhibited a markedly re-
duced rate of Hill reactioni.

Table I. 7he Rate of the Hill Reactiont by Chloroplast
Fragments having a Low or High Mn2+ ESR Signal

Compared with the Rate Obtained with those
Isolated from Manganese-Deficient Cells

The reaction mixture (0.8 ml) contained chloroplast
fragments equivalent to 3 to 4 pg chlorophyll and the
following in jAmoles: potassium phosphate buffer. pH
7.0, 10; KC1, 5; and 2,6-dichlorophenol-indophenol
(DPIP), 5. The reaction was run in a cuvette placed
in the sample compartment of a Cary model 14 spectro-
photometer. The cuvette in the reference compartment
contained a control reaction mixture from which DPIP
was omitted. The reactions were run at 25 °.

Samlple unioles D)PIP reduced hrl ing l
clhlorophyll

Low signal
High signal
Manganese-deficienit

102
99

Discussion

Relation of the Mantganese Signial to Photosyn-
thesis. CellIs of the wild-type C. reinihardi, when
examined for spin resonance signals in the static
systemi and under more iphysiological conditions in the
continuous-flow system, showved the 'well-defined, six
peak spectrum of divalent manganese in addition to
the resonances I and II tyTical of photosynthetic
sstems. Under both sets of experimenital conditions
the manganese signal was found to increase in iinten-
sity iin the dark and decrease in the light. The
divalent manganese when detected in ESR experimentS
was not located within the cells but in their sur-
rounding nedium. It is unlikely that the changes
in the intensity of the nmanganese signal 4re in any
way related to the functioning of manganese in 'photo-
synthesis for the following reasons: 1) W'hPn elec-
tron flow from system II is blocked eith,r as a
result of inhibition with DCMIU or by inutation
(ac-IIn, ac-sWs) the changes in the manganese signal
in the light and dark are still evident; 2) Uln4er coIn-
ditions in which a large external mapiganes' signal
is produced. Hill reaction activity is unaffected. The
Hill reaction is diminished only in cells manden,manga-
nese deficient through growvth in mediumii lacking
manganese.

Thus, the loss of miianganiese from cells in the dark
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as detected by the increased ESR signa'l and the
removal of manganese from the medium by cells in
the lighlt as indicated iby the reduction of the ESR
signal do not appear to be changes in the Ilocalization
of manganese which is active in iphotosynthesis.

Interpretation of the Manganese Signal Changes.
The changes in intensity of the divalent manganese
signal may be related to the ability of cells to support
an energy-dependent ion uptake. In the light the
uptake of different ions, inicluding manganese, from
the external mediumi into the cell miay be facilitattd
by AT1P provided by iphotosvnthetic phosphorylation.
The major site of accumulation of the manganese
is probably the imiitochondrion since this organelle is
able to sequester large quantities of this ion (4).
In vitro, at least, there does not appear to be a net
uptake of manganese bv chloroplasts in the light (10).
The uiptake and subsequent binding of manganese
within the cell could result in the loss of divalent
manganese from the medium and a concomitant re-
duction in the ESR manganese signal observed. In
the dark, a net efflux of the stored or excess man-ga-
nese from the cells into the medium, where it is once
again detected as divalenlt manganese, would vield
the observed increase in ES R signal mnagnitude. The
reason ifor this loss of mang-aniese in the dark is not
clear, ,but it may be related to conditions of anaero-
hxiasis which obtaini in the dark in both the static and(
continuous-flow systems.

Wild-type cells treated with DCAIU, and the
photosynthetic mutants ac-II5 and ac-I41, also exhibit
the manganese signal changes in the light and dark.
The explanation given here wouild require that such
cells are capable of making ATP in the light even
though they cannot carry ouit complete photosynthesis.
Chloroplast fragments isolated from wild-type and
mutant strains can carry out cyclic photosynthetic
phosphorylation with 'phenazine methosulfate (PMS)
as the electron carrier (R. P. Levine, unpublished
observations) and recently, in vivo cyclic photosyn-
thetic electron flow which persists in the presence of
DCMU has been found :in wild-type C. reinhardi
cells (14) and in the mutant strains ac-II5 and ac-14I
(D. Teichler-Zallen, T. T. Bannister, and G. Hoch,
in preparation). In these cells, ATP available for
ion uptake is probably less than under conditions of
normal photosynthesis since the rate of uptake ob-
served is less than that observed in untreated wild-type
cells.

Acknowledgments

The authors express their appreciation to Dr. Ed-
ward E. Hazen of the Massachusetts Institute of Tech-
nology for the use of his laboratory and for his valuable
guidance in the operation of the ESR spectrometer.

Literature Cited

1. ALLEN,, M. B. 1962. Free radicals in photosy-i-
thetic reactions I. EPR signals from illuminated
Chlorella pvyrcioidosa. Biochim. Biophys. Acta
60: 539-47.

2. ARNON, D. I. 1949. Copper enzymes in isolated
chloroplasts: Polyphenoloxidase in Bcta vulgaris.
Plant Physiol. 24: 1-15.

3. BEINERT, H., B. KOK, AND G. HOCH. 1962. The
light induced electron paramagnetic resonance sig-
nal of photocatalyst P700. Biochem. Biophys.
Res. Cominui. 7: 209-12.

4. CHAPPELL, J. B., M4. COHN. AND G. D. GREVILLE.
1963. The accumulation of divalent ions by iso-
lated mitochondria. In: Energy-Linked Functions
of Mitochondria. B. Chanice, ed. Academic Press.
Inc. New York.

5. KOK, B. AND H. BEINERT. 1962. The light-induced
EPR signal of photocatalyst P700 II. Two
light effects. Biochem. Biophys. Res. Communl.
9:349-54.

6. LEVINE, R. P. AND D. S. GORMAN. 1966. Photo-
synthetic electron transport chain of Chla;inydo-
miion1as reinzhardi. III. Light-induced absorbance
changes in chloroplast fragments of wild-type and
mutant strains. Plant Physiol. 41: 1293-1300.

7. LEVINE, R. P. AND L. H. PIErrE. 1962. An1 inives-
tigation of electron spinl resonance in wild-type
Chlamiiydo inoittas reinthar-di and mutant strains
having impaired photosynthesis. Biophys. J. 2:
369-79.

8. LEVINE, R. P. AND R. M. SMILLIE. 1963. The
photosynthetic electron transport chain of Chlamiy-
do inozas r-eithardi. I. Triphosphopyridine nu-
cleotide photoreductioii in wild-type and mutanit
strainis. J. Biol. Chemii. 238: 4052-57.

9. MAcKINNEY, G. 1941. Absorption of light by
chlorophyll solutions. J. Biol. Chem. 140: 315-
22.

10. NOBEL, P. S. AND L. PACKER. 1965. Light-depen-
dent ion translocation in spinach chloroplasts.
Plant Physiol. 40: 633-4{.

11. RussELL, G. K. AND R. P. LEVINE. 1963. Photo-
synthetic reactions by chloroplast fragments of
Chlamnydomno0nas reinehardi. Plant Physiol. 38:
54245.

12. SUEOKA, N. 1960. Mitotic replication of deoxy-
ribonucleic acid in Chlainydonionzas reinthardi.
Proc. Natl. Acad. Sci. U.S. 46: &3-91.

13. TANNER, H. A., T. E. BROWN, C. EYSTER, AND
R. WV. TREHARNE. 1960. A manganese depen-
dent photosynthetic process. Biochem. Biophys.
Res. Commun. 3: 205-10.

14. TEICHLER-ZALLEN, D. AND G. HOCH. 1967. Cyclic
electron transport in algae. Arch. Biochem. Bio-
phys. 120: 227-30.

15. TREHARNE, R. W., T. E. BROWN, C. EYSTER, AND
H. A. TANNER. 1960. Electron spin resonance
studies of manganese in Chlorella pyrenoidosa.
Biochem. Biophys. Res. Commun. 3: 119-22.

16. XVEAVER, E. C. AND H. E. WEAVER. 1963. EPR
studies on Chlamiiydonmouas rcinihardi. Photochenm.
Photobiol. 2: 325-32.

1647


