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ABSTRACT

Briefly sonicated Chiamydomonas reinhardi cells are capable
of both cyclic and noncyclic photophosphorylation and, in each
case, the maximum rates approach those reported for higher
plant chloroplasts. Photophosphorylation coupled to ferricya-
nide reduction occurs with a P/2e ratio approaching unity.
The conditions for optimum activity are similar to those re-

ported for spinach or swiss chard chloroplasts; the major differ-
ence is the extreme sensitivity to salt and relative insensitivity
to methylamine. Cell preparation, sonication, and assays were
all performed at room temperature under conditions suitable
for screening a large number of potential mutants deficient in
photophosphorylation activity. This method was easily adapted
to Euglena gracilis strain Z but not adaptable for Chlorella
vulgaris or Scenedesmus obliquus strain D3.

Eukaryotic algal systems offer many advantages in the
investigation of photosynthetic mechanisms. Algae can be
cultured in the laboratory under controlled conditions, sub-
jected to microbiological manipulations, and in some cases
even be analyzed genetically. They have been extensively
utilized in the analysis of photophosphorylation in vivo (18).
However, for the analysis of photophosphorylation in vitro,
algal systems have not been exploited extensively due to the
difficulty in obtaining active membrane fractions. Various
degrees of success with in vitro algal systems have been
reported previously with Chlamydomonas (10, 13, 17), Euglena
(7), Scenedesmus (16), and Bumilleriopsis (4). In this paper
the photophosphorylation capabilities of briefly sonicated
Chlamydomonas reinhardi cells are described. As in the ac-
companying paper (9), the assay method was developed to
analyze large numbers of samples simply and rapidly. The
resultant procedure should prove useful for analysis of mutant
strains and other suitable algal systems.

MATERIALS AND METHODS

Chlamnydomonas reinhardi was grown as described in the
companion paper (9). Euglena gracilis strain Z was grown
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either in Hutner's organotrophic medium as described pre-
viously (6) or in the autotrophic medium of Bbger and San
Pietro (5). Scenedesmus obliquus strain D, was grown as
described for Chlamydomonas. Chlorella vulgaris was grown
in Bristol's solution (19) fortified with 0.02 M acetate (8). Cells
were harvested and sonicated at a power setting of 80 for 10
sec unless otherwise indicated (see ref. 9). Scenedesmnus and
Chlorella cells were sonicated for 1 min at full power prior to
Chl extraction and determination spectrophotometrically (1).

Photophosphorylation was assayed by measuring the incor-
poration of '3Pi into ATP. The reaction mixtures were prepared
in a volume of 1.5 ml in 3-ml disposable clear plastic test tubes
and illuminated for 1 min with white light (6 X 105 ergs cm-2
sec'). Immediately after illumination, 0.1 ml of 20% tri-
chloroacetic acid was added to each tube and the suspension
centrifuged at 6000g for 10 min. Aliquots of the supernatant
solutions were analyzed for ATtP as described by Avron (2).
Oxygen evolution accompanying ferricyanide or p-benzo-

quinone reduction was performed as described in the earlier
paper (9). Phosphorylation accompanying 02 evolution was
assayed as above except that aliquots were removed from the
02 electrode chamber for analysis of AT32P after 1.5 min
illumination.

Carrier free-3Pi was obtained from ICN Corporation;
crystalline PMS2 from Sigma Chemical Co. Other chemicals
were as indicated in the previous paper (9).

RESULTS

As noted earlier for photosynthetic electron transport (9),
photophosphorylation is conveniently measured in briefly
sonicated Chlamydomonas cells. The effect of sonication time
on the rates of photophosphorylation is shown in Figure 1.
Both noncyclic phosphorylation coupled to ferricyanide reduc-
tion and PMS-mediated cyclic phosphorylation exhibit opti-
mum activity after only a brief period of sonication. Neither
activity is demonstrable without sonication, due to perhaps
the impermeability of the cell. In each case, the activity
rapidly decreased for sonication times greater than 10 sec and
this decrease probably reflected denaturation of some com-
ponent of the electron transport chain or photophosphorylation
apparatus.
The effect of different power settings of the sonicator on

the rates of photophosphorylation is given in Figure 2. Using
a 10-sec sonication time, it is seen that a power setting of 80
afforded maximal photophosphorylation activity with both

2Abbreviations: PMS: phenazine methosulfate; FCCP: carbonyl
cyanide 4-trifluoromethoxy-phenylhydrazone.
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FIG. 1. Effect of sonication time on photophosphorylation.
Reaction mixtures contained sonicated cells equivalent to 18 ,Ug
of Chl, 50 ,Amoles of MES-Tricine buffer (pH 7.8), 1 ,umole of
ADP, 3.75 ,umoles of potassium phosphate (pH 7.5), approximately
0.5 uCi of 'Pi, and 0.5 ,umole of MgCI2 in a final volume of 1.5
ml. PMS-mediated phosphorylation reactions (0) also contained 0.1
Amole of PMS and 0.01 ,umole of DCMU. Ferricyanide-mediated
phosphorylation reactions (A) also contained 1.5 ,Amoles of
KaFe(CN)e. Cells were sonicated at a power setting of 80.
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FIG. 2. Effect of sonication power on photophosphorylation.
Cells were sonicated 10 sec. Other conditions as described in the
legend of Fig. 1.

ferricyanide and PMS. Thus, these conditions were used ex-
clusively in the experiments reported.
The reaction conditions required for maximal photophos-

phorylation activity in Chlamydomonas were extensively in-
vestigated. For many reaction components, the results were
similar to those reported for higher plant systems. In most
instances, typical hyperbolic saturation curves were observed
as would be expected. However, several significant differences
were observed. For example, the concentration of PMS in the

assay mixture is critical. At concentrations significantly dif-
ferent from 0.1 mm, the activity was decreased.
The cofactor for which concentration was most critical was

MgCl2. Although photophosphorylation is maximal at 0.3 mM
MgCl2, higher concentrations severely inhibit the reaction (Fig.
3). This is true for photophosphorylation mediated by PMS,
ferricyanide, or ferredoxin/NADP. In each case, the rate is
inhibited 50% at approximately 2 mm MgC12. Endogenous
activity in the absence of added MgCl, is likely due to that
present in the cell preparation, since cell membrane com-
ponents were not separated from soluble cell sap.
The pH optimum for PMS-mediated phosphorylation occurs

at 7.5 to 7.8, whereas that for ferricyanide occurs at a pH of
approximately 8.1 to 8.4 (Fig. 4). Both activities are maximal
in a pH range somewhat lower than that observed for higher
plant chloroplasts as measured in Tricine or MES buffers (12).
These data suggest that cell fragments prepared by brief sonica-
tion may be somewhat uncoupled.
The effects of several uncouplers on photophosphorylation

are shown in Figure 5. FCCP is inhibitory at all concentrations
tested; 50% inhibition is noted at about 0.6 ,uM. Polylysine
also inhibits at a low concentration (50% at about 20 ,tg/ml).
However, methylamine, a classical uncoupler of photophos-
phorylation in higher plant chloroplasts (11), is a relatively
poor uncoupler in the briefly sonicated preparation. Even at 40
mm methylamine, the reaction is less than 50% inhibited.
The severe inhibition by MgCl2 and rather weak inhibition

by methylamine suggest that salts in general may inhibit photo-
phosphorylation. The results of Figure 6 indicate that this is
the case. Both PMS- and ferricyanide-mediated photophos-
phorylation are 50% inhibited at about 60 mm NaCl; that is,
essentially at the same concentration of methylamine which
inhibits phosphorylation.
The severe inhibition of net photophosphorylation by salt

could be caused by an inhibition of some reaction leading to
the formation of ATP, or could be the result of a salt stimu-
lated ATPase reaction. To test these alternatives, assays were
performed as usual, except that trichloroacetic acid was added
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FIG. 3. Effect of MgC12 on photophosphorylation. PMS- (*)
and ferricyanide-mediated reactions (A) as described in the legend
of Fig. 1. NADP-mediated phosphorylation reactions (c) contained
0.5 of A.tmole NADP and 30 nmoles of spinach ferredoxin in addi-
tion to the components given in the legend of Fig. 1.
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FIG. 4. pH dependence of photophosphorylation. Reaction con-
ditions as described in the legend of Fig. 1.
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FIG. 5. Effect of methylamine, FCCP, and polylysine on photo-
phosphorylation. Reaction conditions as described in the legend of
Fig. 1.

to the reaction vessels at various times after illumination. In the
absence of salt, the ATP produced was quite stable, with little
loss of ATOP even after 3 min postillumination incubation.
When a MgCl2 concentration sufficient to partially inhibit
phosphorylation was present, the smaller amount of ATP
produced was again stable. Thus, it appears that the salt causes
an inhibition of the formation of ATP as opposed to a stimula-
tion of the degradation of ATP.
The rate of ATP formation was linear for about the first 3

min of illumination (Fig. 7). This was true despite the rather
rapid conversion of PMS into pyocyanine by white light.

Light intensity curves were determined for both PMS- and
ferricyanide-mediated photophosphorylation. The ferricyanide-

mediated rate was saturated at 6 X 1 05 ergs cm-2 sec-', whereas
the PMS-mediated rate approached saturation at the light
intensity routinely used (1.1 X 106 ergs cm-2 sec-').
A particular advantage of the brief sonication method is the

convenience of the system. When the preparation was stored
at room temperature after sonication (Fig. 8), activity de-
creased linearly for the first 30 min, the half-time for both
PMS- and ferricyanide-mediated photophosphorylation was
about 20 min. However, if the preparation was cooled to 0 C
immediately after sonication, photophosphorylation activity
was stable for at least 1 hr. Assays were generally performed
immediately after sonication, thus eliminating the need for
cooling.

Neither BSA nor the reductant sodium ascorbate signifi-
cantly increased the net rates of photophosphorylation in the
sonicated cells, nor did BSA appreciably increase the stability
of photophosphorylation. This is in contrast to the observations
of Wallach et al. (20).
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FIG. 6. Effect of NaCl on photophosphorylation. Reaction
conditions as described in the legend of Fig. 1.
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FIG. 7. Photophosphorylation as a function of illumination time.
Reaction conditions as described in the legend of Fig. 1.

FeCN

. .-

189



Plant Physiol. Vol. 55, 1975

The P/ 2e ratios obtained under several experimental con-

ditions are given in Table I. Electron transfer from water to
ferricyanide exhibits a P/2e ratio approaching unity; the range

in several experiments was from 0.6 to 0.9. Methylamine, at a

concentration which would completely uncouple higher plant
chloroplasts, decreased this ratio by about 50%. The P/2e
ratios observed with p-benzoquinone were less than with
ferricyanide, although the relative effect of methylamine was

the same. The effect of FCCP was also anomalous; the be-
havior observed was not consistent with classical uncoupling
in that very little stimulation of electron transport occurred at
any concentration tested. Oxygen evolution was inhibited at
concentrations of FCCP greater than 0.2 fcM however, phos-
phorylation was inhibited to a greater degree, thereby result-
ing in a decreased P/ 2e ratio.
An attempt was made to extend the brief sonication method

to other species of green algae, including Euglena gracilis Z,
Scenedesmus obliquus D3, and Chlorella vulgaris. Hetero-
trophic Euglena cells responded well to sonication and yielded
good rates of PMS- and ferricyanide-mediated phosphoryla-
tion. Cells grown in autotrophic medium were less active,
particularly in ferricyanide-mediated phosphorylation, and
presumably require further modification of assay conditions
for optimal rates.
The results of experiments performed with Euglena, Scene-

desmus, and Chlorella are given in Table II; for purposes of
comparison the data with Chlamnydomonas are included. The
low rates obtained with Chlorella and Scenedesmus reflect the
extreme difficulty in rupturing the cell and thereby permitting
access to exogenous electron acceptors and phosphorylation
cofactors. Even after 30 sec sonication time which was com-

plicated by heating, poor activities were obtained. Sonication
for 1 min at 5 C was equally ineffective. Microscopic observa-
tion indicated that neither Chlorella vlulgaris nor Scenedesinus
obliquus was broken even after 30 sec sonication, whereas
Chlamnydomonas reinhardi and Eluglena gracilis were essen-

tially disrupted after 10 sec sonication.

DISCUSSION

This paper demonstrates that stable and reproducible rates
of both cyclic and noncyclic phosphorylation can be sub-
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Fic. 8. Stability of phosphorylation activity. Cells were main-
tained at 25 C ( ) or 0 C (- - -) following sonication. Other
conditions as described in the legend of Fig. 1.

Table I. P/2e Ratios for Chlamydomonas

Reaction Uncouplerl Oxgen Phosphory- eEvolution ation

MOleS 02 Ing s1m10les 4 TP,;
C il A ing Chl-.r ratiii

H2O - FeCN2 None 93 133 0.72
MeAm 138 112 0.40
FCCP 84 78 0.46

H20- BQ° None 180 118 0.33
MeAm 210 95 0.23
FCCP 156 67 0.21

1 When present, the methylamine concentration was 6.7 mNI; the
FCCP concentration was 0.4 ,AM.

2 Cells were sonicated 10 sec at a power setting of 80. Other
reaction conditions as described in the legend of Fig. 1 except that
1.3 ml of the reaction mixture was placed in the oxygen electrode
chamber for illumination.

a Conditions were as described in 1 above for ferricyanide re-
duction except that 0.6 mm p-benzoquinone was substituted for
ferricyanide.

Table II. Phlotophospliorylationt in Variolus Algal Species iusintg
Brief Soiication

Rate of Phosphorylation
Species'

PMAS'-mediated FeCN-mediated

Mrnoles A TP/ing Cil/zr

C/il/amldononas r-einllhardi' 450 225
Eiiglenia gracilis3 160 175
Sceniedesmnus obliqiuuls2 32 0
C/lorellla vllgaris4 40 4

All sonications were at a power setting of 80; Eiagleiia was
sonicated 5 sec, Clilamndonmonas and Sceniedesmais, 10 sec, and
C/l/ore/la, 15 sec.

2 Reaction conditions were as described in the legend of Fig. 1.
I Heterotrophically grown cells. Reaction conditions were as

given in the legend of Fig. 1 except that the pH was 7.5.
4 Reaction conditions were as described in the legend of Fig. I

except that assays contained 2 ,umoles of MgCl2.

stantially increased in Chlarnydomnonias preparations, and such
increases can be accomplished by a simple and rapid proce-
dure. This method yields results consistent with those reported
previously with other preparative procedures and / or other
algae (4, 7. 16, 17, 20).
The sonication conditions are extremely critical and should

be selected with care, and determined independently for each
sonicator used, before performing routine assays (Figs. 1 and
2). Reproducibility can be maintained within 10% provided
the proper precautions are taken (9).

Because the broken Chlamnydomnionas preparation used in
these assays contained mitochondria and other cell com-
ponents, the possibility that oxidative phosphorylation might
significantly contribute to the over-all phosphorylation capacity
of the cells was investigated. However, the rate of phosphoryla-
tion in the dark was never greater than 2 or 3 ,imoles ATP
formed/mg Chl hr. Thus, there was no apparent interference
with phosphorylation activities by other components of the
Chlatnydoinonas preparation.

In Euglena, however, the rate of phosphorylation in the
dark was significant; heterotrophic cells yielded rates of ap-
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proximately 80 ,moles ATP/mg Chl hr and autotrophic cells
formed 10 to 15 ,umoles ATP/mg Chl hr. This light-independ-
ent phosphorylation was linear for the length of the illumina-
tion time and photophosphorylation rates were corrected
accordingly.

Although the majority of experiments were performed with
either PMS or ferricyanide, it is clear that NADP and p-
benzoquinone can also mediate phosphorylation in this system
(Table I and Fig. 3). Accurate determination of ATP formation
directly coupled to NADPH formation was difficult because of
the superimposition of significant rates of ferredoxin-mediated
cyclic and pseudocyclic electron flow, and corresponding
phosphorylation, on NADP reduction. Experiments are cur-
rently underway to attempt to resolve this dilemma.
Amines are uncouplers of photophosphorylation in higher

plant chloroplasts (11, 14). However, in certain subchloroplast
preparations amines do no appear to uncouple (15). The
sonicated Chlamydomonas system resembles the subchloroplast
preparation in its response to methylamine (Fig. 5). The slight
inhibition of ATP formation at high methylamine concentra-
tion can be attributed to a generalized salt effect in view of
the results presented in Figures 3 and 6. In contrast, FCCP
markedly inhibits phosphorylation. Polylysine also inhibits
phosphorylation; activity is nearly completely inhibited at 130
,ug/ml (Fig. 5) while ferricyanide reduction is only slightly over
50% inhibited (unpublished results). However, the uncoupling
action of this polyamine is apparently different from that of
methylamine since the latter is inert.
The briefly sonicated Chlamydomonas system and higher

plant chloroplasts show a striking difference in salt effect.
The results of Figure 3 indicate that maximum rates of photo-
phosphorylation could be improved with a higher Mg con-
centration provided the superimposed inhibitory effect above
0.3 mm did not prevail.
From information presently available with three other

species of green algae (Table II), it appears that this method
has limited application among the green algae, and a correla-
tion between ease of disruption and phosphorylation activity
in other algae would be expected.
The results of this and the previous paper (9) demonstrate

that Chlamnydomonas can be conveniently used in a number of
the photochemical assays routinely performed with higher
plant systems.
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