
accumulation. These 
chloroquine resistance 
multidrug resistance 

results suggest that 
in P. falciparunz and 
in mammalian cells - 

may be due to the same (or to a similar) 
mechanism. 

The inhibition of chloroquine release ob- 
served with calcium channel blockers (vera- 
pamil, diltiazem, and TMB-8) (Table 1) 
suggests that alterations in intracellular cal- 
cium may be necessary for the release of 
chloroquine from the resistant parasite. The 
mechiism of daunomycin action is not 
clear but may be related to its ability to act as 
a calcium antagonist in some systems (16). 
The effects of vinblastine (a known inhibitor 
of microtubular functionj (17) suggest that 
cytoskeletal proteins may be involved in the 
release of chloroquine from the resistant 
parasite. Alternatively, these compounds 
may inhibit chloroquine efflux by competing 
with chloroquine for binding to a carrier 
analogous (or identical) to the P-170 glyco- 
protein of the multidrug-resistant cancer cell 
(18). 

However, even in the presence of these 
drugs, the chloroquine release observed 
with the resistant parasite was greater than 
observed with the-susceptible parasite (Ta- 
ble 1). This resulted in a greater chloroquine 
accumulation in the susceptible than in the 
resistant parasite (Fig. 2) (6, 7, 12). 

Although there may be more than one 
mechanism of chloroquine resistance in P. 
falc$amtm, verapamil reduces the inhibitory 
concentrations of chloroquine for resistant 
isolates from West Africa (19) and we have 
observed the rapid efflux phenomenon in a 
resistant isolate from South America (tliz, 
1.9 minutes). These results indicate that the 
rapid efflux resistance phenotype is present 
in each of the three continents with chloro- 
quine resistance. 
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Diel Periodicity of Photosynthesis in Polar 
Phytoplankton: Influence on Primary Production 

In the Southern Ocean, primary production estimated from seasonal chemical and 
geochemical changes is two to four times greater than the value calculated from 
carbon-14 uptake. Since carbon uptake had typically been measured only during 
midday incubations, the influence of  die1 periodicity of  photosynthesis on daily 
productions was not considered. Phytoplankton from McMurdo Sound, Antarctica, 
exhibited distinct, but seasonally variable die1 patterns of  light-saturated and light- 
limited photosynthesis. Maximum photosynthetic capacity occurred about noon in 
early September, and its occurrence progressively shifted to about midnight by late 
October. This shift was accompanied by a concomitant phase shift in the occurrence of 
minimum photosynthetic capacity from midnight to midday. Daily production esti- 
mated from time-of-day corrected photosynthetic characteristics and from 24-hour 
incubations was 2.5 to 4 times greater than that predicted from 6-hour midday 
incubations. If similar die1 periodicity in photosynthesis occurs in other polar oceans, 
primary production would be significantly higher than previously estimated from 
carbon-14 uptake measurements. 

T HE SOUTHERN OCEAN SUPPORTS 

large populations of zooplankton, 
marine mammals, and seabirds (I) 

and is the site of approximately 80% of 
global biogenic silica sedimentation (2, 3 ) .  
Despite this indirect evidence suggesting 
high primary production (4-6), direct mea- 
surements of production are low and similar 
to those of tropical and subtropical oligotro- 
phic oceans (7-1 0). Primary production in 
the Antarctic is generally measured only 
during the austral summer and is often 
based on single, midday measurements (7, 
10); thus the influence of diel periodicity of 
photosynthesis on estimates of daily produc- 
tion has not been considered (11-13). 

Diel periodicity in photosynthesis is a 
common characteristic of temperate and 
tropical phytoplankton (12-14), and tempo- 
ral changes in photosynthetic characteristics 
can significantly influence estimates of areal 

production (12, 15). Polar phytoplankton 
are subject to a unique photic regime where 
4-month periods of continual darkness or 
light are separated by 2-month transition 
periods when the photoperiod changes by 
about 20 minutes a day. Thus the diel 
patterns of photosynthesis of phytoplankton 
in polar regions could differ from those of 
phytoplankton in temperate and tropical 
regions that evolved under regularly alter- 
nating periods of light and dark (16). De- 
partures of maximum photosynthetic capac- 
ity from the midday period could account 
for part of the discrepancy between direct 
[carbon-14 (I4C)] and indirect estimates of 
primary production. 

We have found that phytoplankton from 
McMurdo Sound, Antarctica, show diel 
periodicity in rates of both light-limited and 
light-saturated photosynthesis. Maximum 
photosynthetic capacity, P,,, ( 1 3 ,  shifted 
from about noon in early and mid-Septem- 

R. B. Rivkin, Horn Point Environmental Laboratories, ber to midnight by late october. Through- 
University of Maryland, Cambridge, MD 21613. 
M. Putt, Department of Bioloaical Sciences. Universitv Out the summer, minimum photo- 
of ~al i fornic  Santa Barbara, CX 93106. 

' 
synthetic capacity, P,i, (17, occurred mid- 

& , .  ~ ~ ~ ~ - -  ~ , .  

*Present address: Biology Departn~ent, Woods Hole and the Pmd~:Pmin ratio was about 15. 
Oceanographic Institution, Woods Hole, MA 02543 Primary production estimated from time-of- 
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day corrected photosynthetic characteristics 
was about three times greater than from 
extrapolating single midday incubations to 
24 hours. If similar diel patterns of photo- 
synthesis occur throughout other regions of 
the Southern Ocean, primary production 
could be significantly greater than the value 
estimated from 14C measurements. 

During early September, when daylight 
was <13 hours per day, Pmax and Pmin 
occurred around noon and midnight, re- 
spectively (1 8, 19) (Fig. 1, A and B) . As the 
daylight, portion of the photoperiod in- 
creased (20), the occurrence of Pmax pro- 
gressively shifted to later in the day until the 
period between late October and January 

11200 Local time 
100- 

Fig. 1. Photosynthetic capacity, PE, as a percent- 
age of maximum photosynthetic capacity (P,,,) 

800 observed during each of the die1 periodicity ex- 
periments (that is, P: x 100IP,,x), A and inci- 

50 dent irradiance (in microeinsteins per square me- 
400 ter per second; solid line) on (A) 5 to 6 Septem- 

ber 1986, (B) 22 to 23 September 1985, ( C )  13 
to 14 October 1985. (D\ 28 to 29 October 1985. 

-0 and (E) 22 to 23 ~ d v e k b e r  1985. The average 
O 0 12 24 12 24 standard error of P: was 12% and was deter- 

mined from all replicate subsamples incubated at Local time photosynthesis-saturating irradiances (n = 6 to 
12).  

Table 1. Daily insolation and summary of photosynthetic and biomass characteristics during the diel 
periodicity experiments. 

Date Incident Ratio of 
(1985) insolation* Prnaxt Prnax:pmin* Chl a§ Max:minll daily 

production7 

- - - -  ~~ ~ ~-~ - -  - - -  

*Daily incident insolation (einsteins per square meter per day). ?Maximum photosynthetic capacity (in 
micrograms of carbon per microgram of chlorophvll a per hour). *Ratio of maximum to minimum photosvnthetic 
capacity. $Mean chlorophvll a concentration'(nano rams per liter). Chloroph~dJ a was analvzed at 4- td  5-hour 
intenals during each periodicky experiment. The coefacients of variation (in parentheses) were calculated from all 
replicate samples during each experiment (n  = 18 to 24). IlRatio of maximum to minimum concentration of 
chlorophyll a during each diel periodicity experiment. llRatio of daily production calculated from (i) time-of-day 
corrected photosynthetic characteristics and (ii) a 6-hour (1200 to 1800) incubation extrapolated to a 24-hour 
incubation. 

(21) when it occurred at about midnight 
(Fig. 1, D and E). There was a concomitant 
shift in the occurrence of Pmin from mid- 
night to midday (Fig. 1). The low photo- 
synthetic capacity during the midday period 
was not the result of photoinhibition of 
photosynthesis. The amplitude of the 
Pma,:Pmin ratio increased (Table 1) from 
between 2 and 3 in September to 15 in 
November through January (21). Both the 
photosynthetic capacity ( P 3  and the slope 
(a) of the light-limited region of the photo- 
synthesis-irradiance (P-T) relation (1 8, 19) 
had similar diel patterns and were highly 
correlated (Fig. 2) (22). A linear relation 
between PE and a requires proportional 
changes in both parameters; thus, the light- 
saturation parameter, Ik (22), and the rela- 
tive shapes of the P-I curves (23) remained 
relatively constant throughout the season. 
superimposed upon these diel patterns of 
photosynthesis was a seasonal decrease in 
maximum photosynthetic capacity (24) 
from 8 to 1 yg of carbon per microgram of 
chlorophyll a per hour (Table 1).  The perio- 
dicity in the P - I  relationship was indepen- 
dent of changes in concentrations of chloro- 
phyll a and inorganic nutrients. The concen- 
tration of chlorophyll a was measured coin- 
cidently with photosynthesis and showed 
onlv minor diel oscillations (Table 1). Dis- 
solved inorganic nitrogen, phosphorus, and 
silicon in the upper 50-m depths were >20, 
>4, and >25 w, respectively. Throughout 
this period, the phytoplankton species com- 
position was relatively constant (25); thus 
seasonal shifts in the diel patterns of photo- 
synthesis reflected physiological responses 
to changes in the photoperiod or irradiance. 
Species-specific diel oscillations in photo- 
synthesis were also measured for several of 
the more abundant diatoms in our samples 
by means of single-species radioisotope 
techniques (19,26): these diel patterns were 
qualitatively similar to those of the natural 
assemblage. 

In some temperate phytoplankton, per- 
sistent endogenous rhythms of photospn- 
thesis can be entrained to alternating cycles 
of light and dark by a circadian oscillator 
(27). During September and early October, 
when incident irradiance was periodic, the 
diel patterns of photosynthesis of polar (Fig. 
1, A through C) and temperate phytoplank- 
ton were qualitatively similar; daily maxima 
and minima occurred during the light and 
dark periods, respectively (12-14). During 
the remainder of the austral spring and 
summer. diel Datterns differed from those of , L 

temperate phptoplankton: P,,, occurred at 
midnight and Pmin at midday (Fig. 1, D and 
E). Although circadian rhythms of photo- 
synthesis can persist for several days to 
several weeks in algal cultures maintained in 
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Photo~ynthet lc  capacity ( P  :I 
Fig. 2. Relation between 39 coordinate pairs of 
photosynthetic capacity P z  (in micrograms of 
carbon per microgram of chlorophyll a per hour) 
and a (in micrograms of carbon per microgram of 
chlorophyll a per hour/[microeinsteins per square 
meter per second]) during the five diel periodicity 
experiments. Each point represents a single pho- 
tosynthesis-irradiance curve. The equation de- 
scribing the linear relation is in (22). 

constant dim light (27,28), it is unlikely that 
the diel oscillation of photosynthesis in 
these polar phytoplankton was simply a 
persistent endogenous rhythm entrained 
during the early austral spring. From mid- 
October through mid-February (20) inci- 
dent irradiance is continuous but not con- 
stant; diel variations in intensity of five- to 
tenfold are typical. These diel oscillations in 
incident irradiance may entrain and main- 
tain the diel periodicities of photosyn- 
thesis. 

The spatial and temporal distribution of 
phytoplankton biomass and primary pro- 
duction in the Southern Ocean is highly 
variable (7, 10, 11 ). Production estimated 
from seasonal chemical and geochemical 
changes (3-6) is two to four times greater 
than that measured by 14c uptake (7). Since 
most studies of primary production were 
done during the austral summer and were 
based on single, midday incubations when 
photosynthetic capacity is at its daily mini- 
mum (Fig. 1, D and E) (21), daily primary 
production may have been significantly un- 
derestimated. Part of the apparent discrep- 
ancv between direct and indirect estimates 
of production may be resolved by consider- 
ing the influences of the diel oscillations of 
photosynthesis on the measurement of pri- 
mary production. During September and 
early October (when there was a dark peri- 
od), daily production estimates from a 6- 
hour midday incubation, or from time-of- 
day corrected photosynthetic characteristics, 
were similar (Table 1). In contrast, during 
the austral summer, daily production calcu- 
lated from time-of-day corrected photosyn- 
thetic characteristics (Table 1 and Fig. 1) 
(21) was about three times greater than 
predicted from a single 6-hour midday incu- 
bation (29). The direct measurement of 14c 
uptake was 2.6 to 4.2 times greater during 
24 hours than either 6-hour or 12-hour 

incubations (30). Our results, combined 
with those on the role of episodic high 
production in the marginal ice zone (9, lo) ,  
support the classic view (31) of a highly 
productive Southern Ocean. 
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A G Protein Directly Regulates Mammalian Cardiac 
Calcium Channels 

A possible direct effect of guanine nucleotide binding (G) proteins on calcium channels 
was examined in membrane patches excised from guinea pig cardiac myocytes and 
bdvine cardiac sarcolernmal vesicles incorporated into planar lipid bilayers. The 
guanosine triphosphate analog, GTPyS, prolonged the survival of excised calcium 
channels independently of the presence of adenosine 3',5'-monophosphate (CAMP), 
adenosine triphosphate, CAMP-activated protein kinase, and the protein kinase C 
activator tetradecanoyl phorbol acetate. A specific G protein, activated G,, or its a 
subunit, purified fiom the plasma membranes of human erythrocytes, prolonged the 
survival of excised channels and stimulated the activity of incorporated channels. Thus, 
in addition to regulating calcium channels indirectly through activation of cytoplasmic 
kinases, G proteins can regulate calcium channels directly. Since they also directly 
regulate a subset of potassium channels, G proteins are now known to directly gate two 
classes of membrane ion channels. 

UANINE NUCLEOTIDE BINDING 

(G) proteins couple a variety of 
plasma membrane receptors to volt- 

age-dependent calcium channels, and, for 
cardiac P-adrenoreceptors, the mechanism is 
indirect and involves cytoplasmic second 
messengers (1). G proteins can also directly 
couple membrane receptors to ion channels 
independently of cytoplasmic mediators. 
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The G protein Gk directly activates subsets 
of potassium channels that normally are 
activated through muscarinic cholinergic (2) 
or somatostatin receptors (3) ,  or both. In 
this report, we tested whether G proteins 
also modulate ca2+ channels directly. 

Single ca2+ channel activity was recorded 
in guinea pig ventricular myocytes, first in 
the cell-attached configuration and then, 
after excision, in the inside-out configura- 
tion. We compared voltage-dependent acti- 
vation of Ca2+ channels under different ex- 
perimental conditions (Table l ) ,  using a 
protocol in which the membrane patches 
were subjected to depolarizing test pulses of 
200-msec duration at 0.5 Hz, before and 
after excision. Confirming a well-known 
finding, activatable responses survived only 

briefly after excision from nonstimulated 
cells i4).  However, survival was enhanced 
by stimulation of channel activity during the 
cell-attached mode by the P adrenoreceptor 
agonist isoproterenol (ISO). For quantifica- 
tion, we both counted the number of test 
pulses during which activity was observable 
after excision (Table 1) and evaluated the 
current conducted by the membrane patches 
during the depolarizing pulses (Fig. 1). The 
results depend on the number (N) of chan- 
nels in the patch and on their probability of 
opening during the test pulse. To provide a 
record of the entire experiment we mea- 
sured, before and after hatch excision, the 
proportion of open time (P) for the N 
channels in the patch (NP) for each pulse 
(Fig. 1, row 2). N P  values were also 
summed to give cumulative activities in each 
patch (Fig. 1, row 3). To normalize for 
patch to patch variations in channel number, 
the cumulative activities summed over com- 
parable number of traces (usually 30) before 
(cum NPcA) and after (cum NPIo) patch 
excision were compared (Table 1). All the 
results were from high-threshold Ca2+ chan- 
nels; no low-threshold, dihydropyridine-in- 
sensitive ca2+ channels (5) were observed, 
and polarizing the membrane to -90 mV 
from the usual values between -40 and 
-60 mV before applying test pulses failed 
to unmask any that might have been inacti- 
vated. 

A small number of events was recorded in 
nonactivated control cells; the test potentials 
used to detect ca2+ channel activity in cell- 
attached patches produced average opening 
probabilities (Po's) of 0.01 to 0.05 at room 
temperature. The very brief survival after 
excision provided few data for comparison 
(Table 1). Consequently, we tried to in- 
crease N P  with ISO. When I S 0  at 1 0 - 5 ~  
was present only in the patch pipette 
(n = 7), Po seemed greater, and prolonged 
openings, although still less than 1% of the 
events (4, seemed more frequent. Activity 
was not recorded without I S 0  in the pi- 
pette, so the significance of the changes was 
unclear (7). We then added I S 0  at 1 0 - 6 ~  
to the bath; this was followed after several 
seconds by a large increase in NP (n = 3), 
confirming previous reports (8). Subse- 
quently, we incubated the myocytes with 
I S 0  ( 1 0 - 6 ~ .  The increase in NP was due 
to both increased frequency of opening and 
prolongation of events (8) and was associat- 
ed with an increase in survival (Table 1). 
After excision, the mean open times were 
unchanged but the amplitudes could 
change, reflecting a change in driving force 
(9). When guanosine 5'-0-(3-thio)triphos- 
phate (GTP-yS) (100 was present in 
the bath, survival was enhanced considera- 
bly (Fig. 1 and Table 1). In fact, activity was 
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