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ABSTRACT

The effects of various calcium ion antagonists and ion transport inhibi-
tors on photosynthetic 02 evolution of corals, isolated zooxantheliae, sea
anemone tentacles, and Chlorococcum okofaciens were measured. Only the
phenothiazine drugs were effective at inhibiting photosynthesis. Trifluo-
perazine, a calcium ion antagonist drug, inhibited at low concentrations,
with 10-4 molar and 8 x 10-6 molar completely abolishing photosynthesis
in the intact corals and isolated zooxanthellae, respectively. Net photosyn-
thetic 02 evolution of C. okofaciens was eliminated by concentrations of
trifluoperazine as low as 2.8 x 10' molar.

Seawater contains approximately 10 mm Ca2+, an ion required
for deposition of CaCO3 in coral skeletal formation. This calcifi-
cation process is more rapid in hermatypic corals (corals which
contain unicellular dinoflagellate symbionts called zooxanthellae)
than in ahermatypic corals which do not contain zooxanthellae.
The high concentration of Ca2" coupled with its role in coral
formation stimulated our interest in studying certain aspects of
Ca2' metabolism in the marine environment.
We investigated the effects of various inhibitors on photosyn-

thesis of intact hermatypic corals, isolated zooxanthellae, and
other photosynthetic organisms. In particular, we examined what
effects TFP2 and other phenothiazine drugs have on photosyn-
thetic 02 evolution. We chose these drugs since, in the presence of
Ca2+, these drugs bind calmodulin (1, 7, 11), a Ca2+-dependent
activator protein of several enzymes, including at least three plant
enzymes (1, 2, 7, 9, 18). This study is the first to examine the
effects of phenothiazine drugs on an intact marine symbiosis, on
isolated algae from the symbiosis, and on algal photosynthesis.

MATERIALS AND METHODS

In July and August of 1981, fresh specimens of the corals
Pocillopora damicornis and Seriatopora hystrix were collected at a
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2Abbreviations: TFP, trifluoperazine; NAP-taurine, N-(4-azido-2-nitro-
phenyl)-2-aminoethylsulfonate; DIDS, 4,4'-diisothiocyano-2,2'-stilbenedi-
sulfonic acid; SITS, 4-acetamido-4'-isothiocyano-2,2'-stilbenedisulfonic
acid; EGTA, ethyleneglycol-bis(B8-aminoethyl ether)-N,N'-tetraacetic acid;
FP, fluphenazine; CP, chlorpromazine; CPS, chlorpromazine sulfoxide;
DCIP, 2,6-dichloroindophenol.

depth of 5 m from Herald's Prong #2 Reef (151 °32.75'E,
21°14.52'S) on the Great Barrier Reef just prior to use in the
experiments. Zooxanthellae were isolated from P. damicornis using
the Water Pik method of Johannes and Wiebe (10). Isolated
zooxanthellae or pieces of intact coral were placed in seawater in
a Clark-type 02 electrode (Rank Brothers, Cambridge, England),
and 02 evolution and consumption were measured. To prevent
the pieces of coral from disrupting the motion of the stir bar, they
were placed on a wire screen mounted in the 02 electrode chamber
above the stir bar. Coral pieces used in the 02 electrode were
always broken off a larger coral head immediately prior to being
used in any experiments. The rates of photosynthetic 02 evolution
were measured at saturating light intensities (2.0 x 1016 quanta
cm-2 s-1) of white light provided by a GE 500-w bulb in a Graflex
slide projector and were recorded on a Beckman chart recorder.
Small amounts (5-50 pl) of various inhibitors of different concen-
trations were added directly to the seawater in the 02 electrode
chamber through a small hole in the lucite plug which forms the
top of the chamber. These inhibitors included: NAP-taurine,
DIDS, SITS, TFP, EGTA, and A23187. Then the effects of these
inhibitors on photosynthesis were measured.
The effect of TFP on the freshwater green unicellular alga,

Chlorococcum oleofaciens (UTEX 105) was measured in Univer-
sity Park, PA. C. oleofaciens was grown on CS medium (15) at
20°C under continuous light of 8.0 x 1015 quanta cm-2 s-
provided by cool-white fluorescent lights. The cultures were bub-
bled continuously with air during growth. Photosynthesis was
measured in a manner similar to that for the isolated zooxanthel-
lae.
The effects of several phenothiazine drugs on photosynthesis of

a sea anemone were studied in Athens, GA. The sea anemone,
Condylactis gigantea, was cultured in seawater by John Patton,
Microbiology Department, University of Georgia. Tentacles were
snipped from the anemone and placed in seawater in an 02
electrode chamber. 02 exchange was measured at 9.0 x 10'5
quanta cm-2 s-5 at 20°C. The phenothiazine drugs were prepared
fresh and added directly to the seawater medium. 02 exchange
was followed for 10 to 15 min after adding the drug. Generally, 5
to 10 min were required for 02 exchange to reach a steady value
after drug addition. We assume that a time-dependent penetration
by the drugs into the symbiont is the cause of the time-dependent
response of 02 exchange.

RESULTS
In our initial work, we studied the effects of various inhibitors

on intact coral photosynthesis. Even at concentrations as high as
5 x lo- M, NAP-taurine, DIDS, SITS, and A23187 had no effect
on photosynthesis. EGTA did inhibit photosynthesis, but only by
25% at a concentration of 7.5 x 10-3 M. In contrast, TFP inhibited
photosynthesis at low concentrations (Fig. 1). We thus directed
our research efforts at examining the effects of TFP.
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FIG. 1. Percent inhibition of intact S. hystrix photosynthetic 02 evolution by various concentrations of TFP. 02 uptake in the light of 5 pmol 02/mg

Chl ash is represented by (A). The results presented are from three different experimental runs using different pieces of coral. The control rates of
photosynthesis ranged from 40 to 230 ,umol 02/mg Chl a h.
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FIG. 2, A and B. Percent inhibition of intact P. damicormis photosynthetic 02 evolution by various concentrations of TFP. 02 uptake in the light of

95 pmol 02/mg Chl a-h is represented by (A). The control rate of photosynthesis was 300 ,umol 02/mg Chl a-h. B, Percent inhibition of photosynthetic
02 evolution of zooxantheille isolated from P. damicornis by various concentrations of TFP. 02 uptake in the light of 11 ,mol 02/mg Chl a-h is
represented by (A). The control rate of photosynthesis was 108 umol 02/mg Chl a.h.

The effects of TFP on coral and zooxantheliae photosynthesis
are suarized in Figures 1, 2A, and 2B. Quite low concentrations
of TFP inhibited Seriatopora hystrix photosynthesis, with a con-
centration of 1.4 x 10- M completely preventing net 02 evolution
(Fig. 1). A concentration of 2.0 x 10-4 M further reduced total
photosynthesis, with a net uptake of 02 occurring in the light. A
similar trend was seen both for intact Pocillopora damicornis arms
(Fig. 2A) and the isolated zooxanthellae (Fig. 2B), which were
about 10-fold more susceptible to inhibition than the intact coral.
The photosynthesis of C. oleofaciens (Fig. 3) also was reduced in
the presence of TFP, although the concentration required was
somewhat higher than for the inhibition of isolated P. damicornis
zooxanthellae (Fig. 2B).
TFP also inhibited the photosynthesis of C. gigantea tentacles

(Table I). Other phenothiazine drugs, FP and CP, which have
previously been shown to inhibit calmodulin activity (1, 9, 11),
also inhibited photosynthesis. CPS, a phenothiazine derivative,
had little consistent effect on photosynthesis (Table I). Previous
work has shown that CPS does not affect calmodulin activity (11).

DISCUSSION

DIDS, SITS, and NAP-taurine have previously been shown to
inhibit transport of the anions Cl- and S042 in corn root proto-
plasts (12). These compounds also reduced the K+-ATPase activity
of the corn root plasmalemma (12). Since seawater contains 0.55
M C1- and 28 MMs04-22, the inhibition of transport of these ions
might be expected to have some effect on the photosynthetic
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FIG. 3. Percent inhibition of C. oleofaciens photosynthetic 02 evolution by various concentrations ofTFP. The results presented are from six different
experimental runs. The control rates of photosynthesis ranged from 65 to 380 ,mol 02/mg Chl a* h.

Table I. Influence of Phenothiazine Drugs on Photosynthesis in Detached
Tentacles of the Sea Anemone C. gigantea.

Two sets of experiments are reported.

Drug Concentration 02Evolution
M ,imol/mg Chl.h

Control 80, 53
+ TFP 10-4 -8,a -21

Control 114, 69
+ FP 10-4 -19, -12

Control 90, 79
+ CP 10-4 -10, 15

Control 63, 129
+ CPS 10-4 93, 86

a Negative values are 02 uptake.

metabolism of marine organisms. This was not the case, as none
of these inhibitory compounds affected photosynthesis, even at
relatively high concentrations. The absence ofan effect may reflect
the lack of a carrier protein for C17 and S04-2 in the coral and
zooxanthellae. These inhibitors also may not inhibit the carrier
protein, if one exists, in the coral and zooxanthellae. Finally, the
blocking of Cl and SQ4-2 transport in the coral and zooxanthellae
may not affect photosynthesis, the only metabolic parameter we
measured.
EGTA, a chelator of Ca2+, might be expected to prevent Ca2e

interactions with various metabolic processes. At quite high con-
centrations (7.5 mM), an inhibition of photosynthesis was ob-
served. The high concentration required for inhibition may indi-
cate that an excess of Ca2+ for photosynthetic metabolism is
present in seawater and only when much of the 10 mm Ca2+ in
seawater is chelated does one begin to see an effect on photosyn-
thesis.
A23187 is a Ca2+ and M + ionophore and therefore may

facilitate the movement of Ca + into the coral and zooxanthellae
cells. In our experiments, A23187 neither stimulated nor inhibited
photosynthesis, perhaps indicating that Ca2e was already present

in sufficient quantities for photosynthesis.
Low concentrations of TFP, an antagonist of calmodulin, in-

hibited photosynthetic 02 evolution in intact corals (Figs. 1 and
2A), in isolated zooxanthellae (Fig. 2B), in C. oleofaciens (Fig. 3),
and in sea anemone tentacles (Table I). Higher concentrations of
TFP (Figs. 1-2B; Table I) were sufficient to eliminate net 02
evolution completely and to allow respiratory consumption of 02
to be expressed. We assume that this 02 consumption is caused by
animal and zooxanthellae mitochondrial respiration which is al-
ways occurring, but which is usually not measured in the light
because of the presence of photosynthetic 02 evolution. We found
no inhibition of intact S. hystrix mitochondrial respiration by 1.4
X 1O-4 M TFP.
Our demonstration of this inhibition of photosynthesis repre-

sents the first published evidence that TFP can have such an effect
on marine invertebrates and algae. This inhibition is similar to
that observed by Barr et al. (5) who found an inhibition by TFP
of PSII in spinach chloroplasts. They found a concentration of
100 jAM TFP inhibited DCIP reduction by 75% and a concentration
of 400a M completely inhibited DCIP reduction. These inhibitory
concentrations are similar to those we observed (Figs. 1-3).
The effect of TFP on photosynthesis may indicate an involve-

ment of calmodulin in photosynthesis. TFP has been shown to be
a calmodulin inhibitor (1, 7, 11) and thus, by implication, a
calmodulin-like compound may be important in the photosyn-
thetic process (5). Muto et al. (13) also have shown that a Ca2+_
calmodulin enzyme or some other Ca2+-sensitive enzyme may be
involved in the light activation of chloroplast enzymes, while
Jarrett et al. (9) also have found a calmodulin-like protein in the
stroma of pea chloroplasts.

Further evidence for the presence of a calmodulin-like com-
pound important in photosynthesis is provided by our demonstra-
tion of the inhibition of sea anemone photosynthesis by FP and
CP (Table I), two phenothiazine drugs also implicated as calmod-
ulin inhibitors (9, 11), and by its relative insensitivity to CPS.

Caution must be exercised, though, in concluding that our
results indicate the presence of calmodulin in zooxanthellae and
C. oleofaciens or its importance in photosynthesis. TFP is often
assumed to be a rather specific inhibitor of calmodulin, but as
Cheung (7) has pointed out, TFP is a hydrophobic compound. Its
hydrophobicity may lead to its interacting with other hydrophobic
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compounds and affecting photosynthesis other than through cal-
modulin. As an example of such an effect, CP has been shown to
uncouple photophosphorylation (3). Since TFP and FP are similar
to CP, they also may affect the algal cells in this fashion. This
type of an interaction probably would not be responsible for the
decrease in 02 evolution we observed, as photophosphorylation
uncouplers generally cause an increase in photosynthetic 02 evo-
lution (16). A demonstration of calmodulin-regulated reactions
requires more experiments that we have conducted. Cheung (7)
has listed five criteria required to show that a reaction is calmod-
ulin-regulated, only one of which is to study the effects of TFP.
We also may be studying a Ca2 -regulated reaction which does

not directly involve calmodulin. Barber (4) has reviewed many of
the effects of ions and points out that Ca2+ may be a co-ion in H+
transport into the thylakoids, may be involved in conformational
changes in the thylakoids and in the uncoupling of electron flow,
and may control the in vivo State 1-State 2 transitions.
Although our results are preliminary, we feel that the possible

function of calmodulin in algal photosynthesis should be exam-
ined. For example, does an inhibition of calmodulin affect NAD
kinase or other enzymes or is it more directly involved in photo-
synthesis?

In the marine environment, with its high Ca+ concentration,
the role of calmodulin in the calcification process is an intriguing
question. Previous studies have shown light generally enhances
calcification (6, 14) and that DCMU, an inhibitor of all 02-
evolving photosynthesis, inhibits light-enhanced coral calcifica-
tions (17). These observations coupled with the more rapid rates
of coral skeletal growth in hermatypic versus ahermatypic corals
indicate an important role of zooxanthellae and their photosyn-
thesis in calcification. The exact mechanism of calcification re-
mains uncertain though, in spite of a wide variety of proposed
mechanisms (8, 14).

Acknowledgments-Our thanks to our fellow participants on the coral reef expe-
dition and to the crew of the R/V Acheron for their assistance. We are indebted to
Dr. M. Cormier for introducing us to calmodulin research, for stimulating discussions,
and for supplying the phenothiazine drugs. Dr. Willy Lin also generously supplied
the DIDS, SITS, and NAP-taurine used in our initial work on coral photosynthesis,

715

and Dr. Craig Baumrucker provided TFP for use in Pennsylvania. We thank Shawn
Anderson for drawing the figures.

LITERATURE CITED

1. ANDERSON JM, H CHsaoNEAu, HP JONES, RO MCCANN, MJ CORMIER 1980
Characterization of the plant nicotinamide adenine dinucleotide kinase acti-
vator protein and its identification as calmodulin. Biochemistry 19: 3113-3120

2. ANDERSON JM, MJ CORMIER 1978 Calcium-dependent regulator ofNAD kinase
in higher plants. Biochem Biophys Res Commun 84: 595-602

3. AVRON M, N SHAvrr 1965 Inhibitors and uncouplers of photophosphorylation.
Biochim Biophys Acta 109: 317-331

4. BamER J 1976 Ionic regulation in intact chloroplasts and its effect on primary
photosynthetic processes. In J Barber, ed, The Intact Chloroplast. Elsevier,
Amsterdam, pp 89-134

5. BARR R, KS TRoxEL, FL CRANE 1982 Calmodulin antagonists inhibit electron
transport in photosystem II of spinach chloroplasts. Biochem Biophys Res
Commun 104: 1182-1188

6. BUDDEMEIER RW, RA KINZIE III 1976 Coral growth. Oceanogr Mar Biol Annu
Rev 14: 183-225

7. CHEUNG WY 1980 Calmodulin plays a pivotal role in cellular regulation. Science
207: 19-27

8. CROSSLAND CJ, DJ BARNEs 1974 The role of metabolic nitrogen in coral
calcification. Mar Biol 28: 325-332

9. JARRE HW, CJ BROWN, CC BLACK, MJ CORMIER 1982 Evidence that calmod-
ulin is in the chloroplast of peas and serves a regulatory role in photosynthesis.
J Biol Chem. 257: 13795-13804

10. JoHANmNs RE, WJ WIEBE 1970 A method for determination of coral tissue
biomass and composition. Limnol Oceanogr 15: 822-824

11. LEVIN RM, B WEiss 1978 Specificity of the binding of trifluoperazine to the
calcium-dependent activator of phosphodiesterase and to a series of other
calcium-binding proteins. Biochim Biophys Acta 540: 197-204

12. LIN W 1981 Inhibition of anion transport in corn root protoplasts. Plant Physiol
68: 435-438

13. MUTro S, S IZAWA, S MIYACHI 1982 Light-induced Ca"+ uptake by intact
chloroplasts. FEBS Lett 139: 250-254

14. PEARsE VB, L MUSCATINE 1971 Role of symbiotic algae (zooxanthellae) in coral
calcification. Biol Bull 141: 350-363

15. STEvENs SE, COP PATrERSON, J MYERS 1973 The production of hydrogen
peroxide by blue green algae: a survey. J Phycol 9: 427-430

16. Tatsr A 1972 Measurement of Hill reactions and photoreduction. Methods
Enzymol 24: 146-164

17. VANDERMEuLIN JH, ND DAVIS, L MUSCATINE 1972 The effect of inhibitors of
photosynthesis on zooxanthellae in corals and other marine invertebrates. Mar
Biol 16: 185-191

18. WATTERSON DM, FF VINcENzI 1980 Calmodulin and cell functions. Ann NY
Acad Sci 356: 1-446


