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PHOTOSENSORY TRANSDUCTION IN THE FLAGELLATED ALGA, EUGLENA GRACILIS

II1. INDUCTION OF Ca?* -DEPENDENT RESPONSES BY MONOVALENT CATION
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(1) The effects of monovalent cation ionophores (valinomycin and gramicidin), a protonophore (nigericin)
and extracellular pH change on the motility and blue light-induced photobehavior (step-down photophobic
response) of Euglena were investigated. (2) Monovalent cation ionophores, but not the protonophore, can
both partially suppress photobehavior and, under appropriate conditions, induce a change in flagellar activity
(and thus cell movement) that appears identical to that associated with the photobehavior. (3) Valinomycin, at
low extracellular KCl, delays the induction of photobehavior and also induces a light-independent elevation in
the frequency of directional changes in the cells’ swimming path. Both effects are suppressed by elevation in
extracellular KCL. (4) Gramicidin, in the presence of the anion tetraphenylborate, suppresses photobehavior.
The same combination, if applied in the presence of elevated extracellular NaCl, induces a light-independent
cell tumbling and elevation in the frequency of directional changes in the cells’ swimming path. The induced
behavior is dependent on the extracellular Na concentration, requires the presence of extracellular Ca?>* and
is blocked by La>*. (5) Photobehavior is observed over the pH range 3.5-8.2 and fluence /response
relationships for photobehavior are not significantly different over the pH range 5.5-8.2. (6) The results
provide a link between the previously reported effects of Ca2* ionophores, and the effects of monovalent
cations and monovalent cation-transport inhibitor on motility and photobehavior.

1. Introduction changing its swimming behavior from that of
straight-path swimming behavior to that of a dis-
continuous cell-tumbling response (the step-down
photophobic response [1]). The flagellar reorienta-
tion, which mediates the photophobic response,

can also be induced without change in incident

The flagellated alga, Euglena gracilis, responds
to reduction in incident blue light intensity by
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light intensity by application of the ionophore
A23187 and suitable concentrations of Ca?* [1].
Since elevation in extracellular Ca?* augments the
duration of the photophobic response [1], light-de-
pendent flagellar reorientation would appear to be
a consequence of an inward Ca?* flux across the
flagellar-photoreceptor membrane. The step-down



stimulus-induced flagellar reorientation thus ap-
pears to be due to a temporary increase in in-
traflagellar free Ca2* | as is the case in other motile
ciliary and flagellar axonemes [2].

The step-down photophobic response is, how-
ever, markedly affected by the extracellular con-
centrations of monovalent cations and by a recog-
nized inhibitor of coupled Na* /K™ active trans-
port (Na™ /K™ pump), ouabain [3]. Such sensitiv-
ity, combined with a lack of action of a variety of
agents generally recognized as antagonists of volt-
age-dependent cation fluxes across biological
membranes [3], indicates that light does not simply
act as an on-off switch in Euglena to promote
Ca’* influx and suggested that changes in
Na® /K™ permeability could be, at least in part,
responsible for control of Ca’* fluxes. We have
therefore attempted to test the latter hypothesis by
studying the effects of monovalent cation iono-
phores on motility and photobehavior of Euglena.

Materials and Methods

E. gracilis Z was cultured, harvested and pre-
pared for experimentation as previously detailed
[3}. The cells were suspended in ‘adaptation buffers’
(see below) at 2-4-10° cells/ml buffer and
adapted for 12-18 h under dim red light at 25°C
to the adaptation buffer containing 0.5 mM CaCl,,
0.125 mM MgCl, and 1mM KCl adjusted to pH
7.1 with either 1 mM Tris-HCl or 2.5 mM Hepes
plus 2.5 mM Pipes-NaOH. In some experiments,
the pH was adjusted to 5.5 with 5 mM Mes-NaOH
or to pH 82 with SmM Taps-NaOH or a Ca-
EGTA buffer system was used at pH 6.9 [1].

Determination of blue light-induced step-down
photophobic responses and the rates of photoaccu-
mulation of cells into a blue light trap (a response
mediated by step-down photophobic responses)
and video analyses of cell swimming behavior were
performed essentially as previously described [1].
Video analyses were carried out on a random
selection of swimming tracks from a total of ap-
prox. 50 cells /field of view (equivalent to 10°
cells/ml at the magnification used). Chemicals
were added by introducing small volumes (usually
1-10 pl) into aliquots (2.5 or 5 ml) of cell suspen-
sions. Chemicals were prepared on the day of use
either in adaptation buffers or organic solvents
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(ethanol or methanol) and appropriate solvent or
dilution controls carried out as required. To facili-
tate comparisons with other studies, we present the
ionophore concentrations in terms of both pg/10°
cells or as molarity. For the gramicidins, we have
used an estimated molecular weight value of 1883
(based on gramicidin A which comprises 80-90%
of commercial gramicidin mixtures and assuming
a 90% valine and 10% isoleucine congener distri-
bution [4,5). The effects of test chemicals were
normally evaluated 2-5 min after addition. Cell
protein concentrations were determined by the
method of Lowry et al. [6] in the presence of 2%
(w/v) sodium dodecyl sulfate and using bovine
serum albumin as standard.

Gramicidin D, valinomycin, sodium tetraphen-
ylborate, Mes, Hepes, Pipes and Taps buffers (as
their acid form) were purchased from Sigma
Chemical Co. (St. Louis, MO). Tetraethylam-
monium chloride (99%) was from Matheson, Cole-
man and Bell (Cincinnati, OH) and choline chlo-
ride from Merck (Elmestead, NY). Nigericin was a
generous gift of Dr. Robert Hammil (Ely Lilly
Research Laboratories, Indianapolis, IN) and
Gramicidin (Nutritional Biochemicals, Cleveland,
OH) was kindly provided by Dr. Keith Garlid
(Medical College of Ohio at Toledo). All buffers
were prepared in double-distilled water.

Results

Further evaluation of cell motility, cell swimming
path character and behavioral responses

In our adaptation buffers, at pH 7.1 and under
constant light intensity, Fuglena normally swim in
a straight-path (forward) swimming mode. The
motility of the cells can be assessed qualitatively,
by microscopic observation, in terms of the speed
of the cells (slow, normal or fast), the character of
the swimming path and the percentage of the cells
in the population that are motile. In these studies,
this percentage was 80-90%. The swimming path
is relatively straight, ie., there is only a low
frequency of directional changes (change in the
direction of the swimming path by greater than
30° but less than 90°). The frequency of direc-
tional changes has been denoted as normal, mod-
erate, high and very high.

Quantitative analysis of the cells’ swimming
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path can be made by video recordings. From
these, the velocity of the cells in the straight-path
swimming mode can be ascertained, while the
frequency of directional changes in the swimming
paths of continuously swimming cells can be ascer-
tained from event marker recordings and the
frequency, in changes per min, calculated [1]. Un-

der certain conditions, the cells can be induced to -

change their forward swimming mode into that of
a discontinuous tumbling mode (mediated by
flagellar reorientation). In between the tumbling
responses (the durations of which can be mea-
sured), the cells are invariably swimming with a
very high frequency of directional changes. Such
directional changes appear to occur at random,
since analysis of event marker traces indicates no
obvious periodicity. In determination of the
frequency of directional changes, the cells were
studied in between tumble events (defined as a
directional change of at least 90° and usually
greater than 180°) and thus the mean free path of
cells between tumbling events can be estimated.

Effect of valinomycin and K* on motility and photo-
behavior

If changes in the relative K* concentrations
between the inside of the cells and the extracellular

TABLE I

medium (i.e., changes in K* concentration gradi-
ents) were linked to the expression of photobehav-
ior, then the motility or photobehavior of the cells
should be affected by the specific K* carrier
(ionophore) valinomycin (K™ : Na™ selectivity ratio
of 10000:1 [7]). The specificity of any valinomy-
cin-induced effects can be tested by studying the
effects of Na™ in the presence of valinomycin.

Valinomycin has several effects on Euglena.
Within a few seconds of ionophore addition
(107 6M:2.8 ug/10° cells), there is a change in the
frequency of directional changes in the cells’ swim-
ming paths. The change is progressive so that after
30-60 s, the cells are changing their direction about
once per s. The response is observable over long
periods (10—15 min) for cells in standard adapta-
tion buffers containing 1 mM KClL.

At 1 mM KCl, valinomycin increases the
frequency of directional changes from 18.8 1.7
(n=232) to 45.1 £4.2 (n=137) at 23°C. The iono-
phore solvent, ethanol, had no effect (frequency of
19.1 = 1.6, n=27). The enhancement of the
frequency of directional changes induced by
valinomycin treatment can be readily observed
qualitatively (TableI) and determined quantita-
tively (Fig. 1) to depend on the extracellular K*
concentration. Furthermore, the suppression of the

EFFECT OF VALINOMYCIN ON EUGLENA MOTILITY AND PHOTOBEHAVIOR: DEPENDENCE ON K* CONCENTRA-

TION

Cell motility is assessed in terms of relative speed of swimming (+ +, normal; +, slow) and character (frequency of directional
changes in cells’ swimming paths: +, normal; + +, moderate; + + +, high; + + + +, very high. Step-down photophobic responses
induced by blue light removal of either moderate (40 mW /m?) or relatively high (300 mW /m?) intensity, 466 nm light. Range of
durations (from three to six determinations) of total responses given. Conditions: cells in 1 mM Tris, 0.5 mM CaCl,, 0.125 mM
MgCl,, 1 mM KCl, pH 7.1, at 19°C plus additions as indicated. Valinomycin added at 1076 M (2.8 ug/10° cells) in ethanol (0.01 %

(v/v) final). n.d., not determined.

Conditions Motility Step-down photophobic responses
Speed Character Delay in Duration Delay in Duration

onset (40 mW /m?) onset (300 mW /m?)
(s) (s) (s) (s)

No additions + + + none 27-31 none 55-65

+16 mM KCl ++ + none 34-40 n.d. nd.

+ valinomycin ++ ++++ 3 -4 16-18 n.d. n.d.

+ valinomycin+ 16 mM KCl + ++++ 1 -2 22-24 none 50-57

+ valinomycin + 32 mM KCl + +++ 0.5-2 17-22 none 29-34

+ valinomycin +48 mM KCl + + + 0.5 6- 7 none 19-22

+ valinomycin + 64 mM KCl1 + + none 6- 7 none 16-17
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Fig. 1. Effect of extracellular KCl and NaCl concentrations on
the valinomycin-induced enhancement in the frequency of
directional changes (changes /min) in the cell’s swimming paths.
Cells treated with 10°M valinomycin (2.8 1g/108 cells) in
1 mM Tris, 0.5 mM CaCl,, 0.125 mM MgCl,, 1 mM KCl, pH
7.1, at 23°C with additional KC1 (O) or NaCl (@) as indicated.
Results given as mean +S.E. (n =23-46).

valinomycin-induced behavior by elevation in ex-
tracellular K* is apparently K™ specific since
equivalent elevation in Na™ has a far lesser effect
(Fig. 1). In the absence of valinomycin, similar
changes in extracellular KCl concentration have
insignificant effects on cell motility.

Valinomycin (10~ ¢ M) can also alter the expres-
sion of photobehavior, the alteration also depend-
ing on the extracellular KCl concentration. At low
extracellular K™ (1mM KCl), application of
valinomycin to the cells, prior to blue light ex-
posure, interferes with the subsequent induction of
the step-down photophobic responses. This inter-
ference is expressed as a delay between the re-
moval of the light and the appearance of the
flagellar reorientation (and thus cell tumbling).
Subsequent responses appear to be normal in
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character (see Ref. 1 for details). However, on
pretreating the cells with valinomycin and differ-
ent concentrations of KCl, it was observed that the
lag observed at 1 mM K™ decreases and the re-
sponse duration also decreases almost to zero. The
response mechanism is, however, not blocked since
with larger stimulation (blue light fluence rates of
225 instead of 40 mW/m’ responses are still
observed at KCl-valinomycin combinations that
strongly inhibit responses to smaller stimuli
(Table I).

Effect of gramicidin on motility and photobehavior

Since previous studies on the effects of Na*t,
K™ and ouabain on the photobehavior of Euglena
indicated that coupled Na™ /K* movements were
involved in photobehavior control [3], we tested
the effect of an Na™ ionophore, gramicidin [4].
Addition of methanolic solutions of gramicidin
(0.025-140 pg/10° cells:0.004-22 uM, with ap-
propriate solvent controls) to cells in either culture
media (pH 3.5-7.2 depending on type or culture
age) or adaptation buffers at either pH 5.5 or 7.1
had no obvious or specific effects on either cell
motility or photobehavior for many hours. There
is, however, a technical problem apparently associ-
ated with successful application of the gramicidins
to Euglena at least under all conditions we have so
far tested:

During studies on photoaccumulation behavior
of cells into a blue light trap (photoaccumulation
being detected by a change in nonactinic
transmitted light through a cell suspension [1]), up
to a 2-fold increase in the apparent rate of pho-
toaccumulation was sometimes observed for cells
treated with gramicidins (14-140 pg/10° cells:2-
22 pM) especially in the presence of elevated
extracellular NaCl (8-16 mM). Precipitates were
present that were of sufficient size to interfere with
the nonactinic light transmission through cell-free
solutions. These precipitates, possibly of insoluble
gramicidin-Na* complexes [4], indicated that the
gramicidins were simply not penetrating the cells.

5~15 min treatment of concentrated cell sus-
pensions (107 cells /ml; higher concentrations can-
not be used since flagellar loss occurs) with
gramicidins (0.025-0.05 pg/10° cells: 0.1-0.2 pM)
but not the solvent controls immobilized 60-90%
of the cells (evaluated following dilution of the
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cells to 10°/ml), indicating penetration. The re-
maining motile cells, although slow swimming, still
showed definite step-down photobehavior. Pre-
incubation with gramicin and high cell concentra-
tions (cell protein:ionophore weight ratio; esti-
mated 4000:1) appears to be required for any
action of gramicidin alone. The gramicidins are
neutral molecules and form charged complexes
with cations [7]. The ability of neutral ionophores
to promote ion exchange is markedly enhanced by
the presence of a lipophilic anions such as FCCP
or tetraphenylborate [8,9]. Tetraphenylborate
should thus facilitate equilibration of the gramici-
din-cation complex into the membrane microen-
vironment and thus promote ion movement /ex-
change [4,10]. The effects of gramicidins on
Euglena, in the presence of tetraphenylborate, were
therefore tested.

Tetraphenylborate anion (0.125-17.5 pg/10°
cells:0.1-20 pM) has only marginal effects on cell
motility. Tetraphenylborate (4-18 pg/10°
cells:2.6-10 pM) has no significant effects on
either the induction, character or duration of the
step-down photophobic response to standard
stimulation (40 mW /m?, 477 nm light for 60s;

TABLE 11

data not shown). Gramicidins alone at either 28 or
56 pg/10° cells (2.9 or 5.8 puM) likewise have no
effects on step-down photobehavior (Table II).
However, in the presence of tetraphenylborate,
whilst cell motility is only slightly altered, the
gramicidins now cause a marked reduction in the
duration of the step-down photophobic responses
(Table II) and in the percentage of the cells in the
population that will show a response, from 90—
100% down to 10-15%. The magnitude of this
inhibition by gramicidins is dependent on the te-
traphenylborate concentration (Table II), indicat-
ing that the anion is acting to facilitate ionophore
action in the manner proposed above. A similar
set of results was obtained with another commer-
cial preparation of gramicidins (gramicidin D from
Sigma; see also Table III).

The gramicidin-tetraphenylborate treatments
never completely inhibited step-down photobehav-
1or (except under conditions where cell motility
was significantly affected). This could have been
due to a limiting concentration of monovalent
cations for exchange. Therefore, the effects of
elevated Na* and K™ on the gramicidin-tetra-
phenylborate-treated cells were investigated. How-

ACTION OF GRAMICIDINS ON EUGLENA MOTILITY AND PHOTOBEHAVIOR: DEPENDENCE ON TETRAPHENYL-

BORATE

Conditions: cells in 1 mM Tris, 0.5 mM CaCl,, 0.125 mM MgCl,, | mM KCl, pH 7.1 at 18-18.5°C. Step-down photophobic
responses given as relative durations (%) corrected for solvent and tetraphenylborate (TPB ™) controls. Results are from four to six
determinations using two batches of cells. For the initial response (fcpgr ), the duration was 7.7+0.4s (n =8, =100%) and for the
total response duration (g ), the duration was 26.2=1.2 s (n =8, =100%). The number of tumbles is the count of the number of 360°
planar tumbles executed by the cells during the initial response. Gramicidins equivalent to 28 or 56 g /10° cells, TFB™ equivalent to

4, 8 and 16 pg /108 cells.

Conditions Motility Photobehavior
Speed Character Duration No. of Duration

of initial tumbles of total
response in response
(tcrr) (fcrr) (1g)
(%) (%)

No additions ++ + 100 5-6 100

2.9 uM gramicidins +++ ++ 100 5-7 100

2.9 uM gramicidins+ 2.6 uM TFB~ ++ ++ 65 4-5 100

2.9 uM gramicidins+ 5.2 uM TPB™ ++ + 37 2 52

5.8 uM gramicidins+ 2.6 uM TPB™ ++ + 86 6-8 86

5.8 uM gramicidins+ 5.2 uM TPB™ ++ + 52 4 88

5.8 uM gramicidins+10 uM TPB™ ++ + 30 1-2 50




TABLE III
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EFFECT OF NaCl, GRAMICIDIN D AND TERAPHENYLBORATE ON THE SWIMMING PATH CHARACTERISTICS AND

BEHAVIOR OF EUGLENA

Conditions: cells in 2.5 mM Hepes, 2.5 mM Pipes, 0.5 mM CaCl,, 0.125 mM MgCl,, 1 mM KCl, pH 7.1, at 24.5°C. Ionophore and
tetraphenylborate concentrations given in M and as pg/10° cells. With NaCl+ gramicidin D + tetraphenylborate, cells now execute a
spontaneous, discontinuous tumbling behavior interupted by periods in which the cells are swimming in paths with a very high

frequency of directional changes. See text for further details.

Conditions Mean free path Frequency of Duration of cell
time directional tumble events
(s) changes (s)

No additions 16.7=0.4 (53) 21.2=5.4 (56) <0.5

2.9 uM (28 png) gramicidin D 16.6=0.4 (25) 19.9£4.6 (25) <0.5

4.9 pM (8.75 pg) tetraphenylborate 16.3+0.6 (37) 16.8+=3.9 (36) <0.5

12.5 mM NaCl 15.5+0.6 (36) 21.4=4.6 (41) <0.5

Gramicidin D+ NaCl 14.4=0.5 (40) 17.4+4.4 (34) <0.5

Tetraphenylborate +NaCl 15.7+0.5 (39) 20.7+4.8 (33) <0.5

Gramicidin + tetraphenylborate + NaCl 12.7=0.4 (36) 46.7+6.6 (36) 2.0=0.6 (70)

ever, treatment of cells with gramicidin-tetraphen-
ylborate in the presence of elevated extracellular
NaCl induced a flagellar reorientation, and thus
cell-tumbling behavior, without change in incident
light intensity.

Characterization of the ion specificity and Na™ con-
centration dependence of the gramicidin-tetraphenyl-
borate-induced behavior

The following series of experiments were car-
ried out to determine the specificity and character-
istics of the flagellar reorientation response in-
duced by treatment of cells with gramicidin-tetra-
phenylborate mixtures under constant light inten-
sity and character.

Firstly, the responses require that the three
reagents (gramicidin, tetraphenylborate and Na™*)
are simultaneously present. As noted above, neither
ionophore nor lipophilic anion alone or in combi-
nation have any significant effects on cell motility
(% motile, swimming speed and path character)
either under constant red (Table II) or blue light
(40-350 mW /m?, 466 nm; data not shown). If
applied alone, NaCl (8§ mM) effects a 3-4-fold
enhancement of the duration of the step-down
photobehavior response without alteration in mo-
tion characteristics (data not shown and see Ref.
3). Essentially the same magnitude of enhance-
ment is seen in the additional presence of either

gramicidin (28 pg/10° cells: 2.9 uM) or tetraphen-
ylborate (8.75 ug/10° cells:4.9 uM) and there is
also little effect on cell behavior under constant
light intensity (data not shown). In marked con-
trast, however, the addition of the three reagents
together, at the concentrations given above, im-
mediately changes the cells’ behavior from the
straight-path swimming mode with low frequency
of directional changes to that of a discontinuous
tumbling mode interupted by swimming paths with
a very high frequency of directional changes. The
cells execute three to five full rotations in a single
plane (tumbles) in any particular tumble event and
this tumbling mode continues for at least 10 min,
A quantitative evaluation of cell behavior in the
presence of these reagents, combinations of any
two of the reagents or all three together can be
found in Table III (see below for further discus-
sion).

Secondly, the effect is specific for Nat with
respect to other monovalent inorganic (K*) or
organic (choline or tetraethylammonium) cations
tested or for H* (see below). In testing for this
specificity, we investigated (i) the effect of the test
cation alone (NaCl, 8 mM; KCl, 8 mM; choline
chloride, 8 mM and tetraethylammonium chloride,
4 mM) on both motility and photobehavior dura-
tion to standard stimuli, (1) the effects of the test
cation in the presence of tetraphenylborate (1.65
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pg,/ 108 cells: 0.9 M) on motility and photobehav-
ior and (iii) the effects of the test cation in the
presence of tetraphenylborate (0.9 pM) and the
additional presence of gramicidin (0.9 ug/(0.8
pg/10® cells:0.18 pM). In this series of experi-
ments, in agreement with a previous report [3],
changes in motility and photobehavior were ob-
served.

Similar evaluations of the duration of photobe-
havior in the presence of a test cation plus tetra-
phenylborate showed that the responses were not
significantly altered by the anion (data not shown).
In the additional presence of gramicidin with the
test cation and tetraphenylborate, photobehavior
duration was essentially the same as that seen in
the presence of K™, choline or tetraethylam-
monium cations alone. However, for Na*t, the
unique direct cell-tumbling mode was always in-
duced. Due to the strength and persistence of this
tumbling behavior, no photobehavior could be
demonstrated.
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Thirdly, the magnitude of this specific,
gramicidin-tetraphenylborate-mediated response
was found to be dependent on the Na* concentra-
tion in the extracellular medium. At low extracell-
ular Na™, no tumbling response is induced with
gramicidin-tetraphenylborate treatment. Under
these conditions, step-down photobehavior is all
but eliminated (see above), thus providing firm
evidence that the ionophore treatment is effective.
Under these conditions, Na™ (among other mono-
valent ions: see below and Discussion) concentra-
tions would be expected to be in equilibrium be-
tween the extracellular medium and the inside of
the cell. Elevation of Na%, in the presence of
gramicidin D-tetraphenylborate mixtures, now
produces an Na™ concentration-dependent in-
crease in the frequency of directional changes in
the cells’ swimming paths (Fig. 2a) and a cell-tum-
bling response (as expressed by the duration of the
tumble response: Fig. 2b). In both parameters, a
significant change in behavior from control cells is

/
/

Duration cell tumble events

| A

O - — 1 -l 1 1 J
5 10 20 40 80 160
mM. NaCl

Fig. 2. Na* concentration dependence of gramicidin-tetraphenyl-borate-NaCl-induced behaviors. Cells treated with various con-
centrations of NaCl in Hepes-Pipes adaptation buffers (see text) in either the presence (@) or absence (O) of the ionophore (1.5 pM;
14 ug /108 cells)-tetraphenylborate (2.5 uM; 4.4 18/ 10° cells). (A) Frequency of directional changes in changes /min (n =17-26=S.E.).
(B) Duration of cell-tumbling events given in s, n =25-70=S.E.. 23°C.



seen at greater than 10 mM Na* for cells in the
Hepes-Pipes adaptation buffers. The Na*
threshold is slightly lower (greater than or equal to
4 mM) for cells in Tris adaptation buffer — the
adaptation buffers differing in their Na™* con-
centration.

As a final test of the specificity of the ion study
just detailed, possible ionophore-mediated H™
movement must be considered. Gramicidin-in-
duced alkali metal-H™ exchange has been reported
in other systems {4,8,11]. The gramicidin channel
itself is highly selective for monovalent cations and
shows a high permeability ratio for H™ /Na™ [12].
As noted above, the ability of gramicidins to pro-
mote ion exchange, i.e., alkali metal/alkali metal
or alkali metal/H™ movement in opposite direc-
tions across the membrane, is markedly enhanced
by the presence of FCCP with the latter exchange
being predominant especially at high ionophore
concentrations [4,8]. In addition, the ionophore
A23187 that we used in earlier studies [1] catalyses
a Ca’"-H" electroneutral exchange [1]. As con-
trols for the gramicidin and A23187 studies, i.e., to
see if some of the effects due to these ionophores
were due to transmembrane H' movement, we
carried out investigations of the role or magnitude
of an H* movement in relation to flagellar activ-
ity. Such studies are both pertinent to Euglena
photobehavior control (since earlier hypotheses
concerned the role of H* in photobehavior [23,24])
and to current concepts on photobehavior control
in other microorganisms where evidence for a role
of H* in sensory transduction has been presented
in part using methodology similar to that which
we have used (see Discussion).

Euglena swimming velocity was found to be
slightly higher at pH 7.1 compared to acid or
alkaline pH over the range 3.5-8.2. The enhance-
ment of swimming velocity was accompanied by a
reduction in the frequency of directional changes
in the cells’ swimming path. We have determined
that the duration of the step-down photobehavior
is not significantly different over the pH range
5.5-8.2 and strong step-down photobehavior is
seen for cells in various culture media (pH 3.5-7.2).

These studies indicate a lack of involvement of
H* movement in photobehavior induction. The
rate of photoaccumulation of the cells into a blue
light trap was found to be slightly higher at pH 7.1
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Fig. 3. Effect of extracellular pH on the relative rates of photo-
accumulation of cells in blue light traps (475 nm) of different
intensities. Fluence-response relationships determined for cells
in either Mes (pH 5.5:00), Hepes-Pipes (pH 7.1: @) or Taps
(pH 8.2: A) adaptation buffers (see text). 25°C. Curves slightly
displaced for clarity. n =4-11=S.E. (two to three samples of
cells).

compared to pH 5.5 or 8.2. However, fluence
rate /relative response plots (light trap intensity vs.
relative rate of photoaccumulation) were not found
to be significantly different for cells in adaptation
buffers at pH 5.5, 7.1 or 8.2 (all other ionic
conditions being constant) (Fig.3). This study
clearly suggests that there is no significant H* flux
involvement in the control of photobehavior since,
if transduction involved such an event, changes in
such fluence rate-response relationships would be
expected. We have also ascertained that the H™ -
K" exchange ionophore, nigericin (0.3 pg/10°
celis; 1 pM) has no effect on cell swimming veloc-
ity or swimming path character for cells under
green light or under blue test illumination either at
pH 5.5 or 7.1. Nigericin had no effect on the
induction or duration of step-down photobehavior
either for cells in standard adaptation buffer or
buffer containing 6 mM K™ .

Ca’* dependence of the gramicidin-induced behav-
ior and its blockage by a Ca’* permeability
antagonist, La’*

The above studies demonstrate the extreme
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sensitivity to and, by implication, the significant
role of monovalent cations in the control of photo-
behavior. By contrast, however, photobehavior and
flagellar activity are also altered by Ca’?* and the
ionophore A23187 [1]. We now present evidence to
link the two observations.

The gramicidin-tetraphenylborate-Na ™ -induced
cell tumbling and elevation in cell swimming path
directional change was found to be dependent on
the extracellular concentration of Ca?™. No tum-
bling behavior is induced by the ionophore treat-
ment in the absence of extracellular calcium. The
frequency of directional changes increases with
extracellular calcium to values far higher than
those seen with calcium in the absence of
gramicidin [1] and in addition, the duration of the
tumble events induced by gramicidin treatment is
also related to the extracellular Ca’* concentra-
tion (Fig. 4). The Ca** dependence is further indi-
cated by the inhibitory action of the general Ca**
permeability antagonist, La’" [14]. La’" has an
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Fig. 4. Ca®" dependence of gramicidin-tetraphenylborate-
NaCl-induced behaviors. Cells in Hepes-Pipes-KOH-EGTA
buffer containing CaCl, to give the required free calcium
concentrations (see Ref. 1) and treated with ionophore (2.9
uM; 28 ug/ 108 cells)-tetraphenylborate (4.9 uM; 8.75 pg/10°
cells) and NaCl (16 mM) at 23-24°C. Frequency of directional
changes given in changes/min; n =26-38=S.E. Duration of
cell-tumbling events given in s; n =16-27=S.E. Results from
two batches of cells.
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Fig. 5. Inhibition of gramicidin-tetraphenylborate-NaCl-in-
duced behaviors by La**. Cells treated with various concentra-
tions of La(NO,; in Hepes-Pipes adaptation buffers (see text)
in either the absence (@) or presence (O) of ionophore (2.9
#M; 28 pg /10° cells)-tetraphenylborate (4.9 pM; 8.75 ug/10°
cells)-NaCl (25 mM) at 23-24°C. n=15-31=S.E. Results
from two batches of cells.

insignificant effect on the frequency of directional
changes of the cells in the absence of gramicidin
but markedly suppresses the gramicidin-induced
elevation in the frequency of directional changes
in the cells’ swimming paths (Fig.5). The same
concentrations of La** were also found to sup-
press step-down photobehavior (Fig. 6), further in-
dicating the relationship of the gramicidin-induced
flagellar reorientation to the photobehavior-related
flagellar activity. In addition, the previously re-
ported augmentation of photobehavior duration
observed on elevation of Na* from 0 to 32 mM is
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Fig. 6. Inhibition of blue light-induced, step-down photophobic
responses by La®* . Cells treated with various concentrations of
La(NO,), in Hepes-Pipes adaptation buffers (see text) at 21—
22°C. Blue light intensity change, AT = —225 mW /m?, Results
given as relative response =S.E. (n =8-16). @, initial response
(1cpr: 100%=9.9=0.15; O, total response (1g): 100%=40.1
+=0.9s.

nearly twice as large if the medium contains 2 mM
CaCl, instead of 0.5 mM CaCl, and is reduced to
about 50% of that augmentation seen in the pres-
ence of 0.5 mM CaCl, in the additional presence
of 2mM CoCl, (data not shown).

Discussion

The present results provide a link between the
effects of calcium and calcium ionophore com-
bination on flagellar activity [1] and the effects of
monovalent cations and Na* /K* pump inhibitor
on photobehavior [3]. The results collectively indi-
cate the presence of monovalent cation gradients
either preexistent across the surface (or other)
membranes of Euglena or generated by blue light.
The existence of such gradients and the direction
of ion movement (related to flagellar activity and
photobehavior at least) in the presence of the
ionophores can be raticnalized as detailed below:

In the presence of any ionophore, rapid equi-
libration of relevant ion concentrations across a
membrane(s) can be expected due to the high
translocation efficiency of most ionophores [4].
The direction of ion flux (influx into or efflux
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from the cell) to achieve the equilibrium will natu-
rally depend on the relative concentrations in the
compartments which the ionophores are linking.
For example, if a Euglena cell contained a far
higher internal concentration of K™ than that
outside the cell then addition of the K* ionophore
valinomycin would promote K* efflux from the
cell down its concentration gradient. In Euglena,
the dominant inorganic cation in the cells has been
reported to be K* [15], in common with other
algae [16]. On ionophore treatment, the initial
concentration gradient between the inside of the
cells and the extracellular medium will be dis-
ipated. The equilibrium concentration of K™ that
will be achieved after ionophore addition will de-
pend on the initial concentrations in the cells and
in the extracellular medium. The relative change
that has occurred in the chemical concentration
gradient for the ion will also change accordingly
with change in extracellular K* in the short term
— where it is assumed that the cells will not have
had time to equilibrate (by ionophore-independent
mechanisms) to the change in extracellular K™,
Addition of extracellular K* to a concentration
above that initially present in the cells will result
in K% influx on ionophore treatment. The
valinomycin-induced behavior in Euglena (and its
suppression by elevation in extracellular K*) can
be readily rationalized on the basis of a valinomy-
cin-induced K* efflux at low extracellular K*
levels. Under this condition, the change in chemi-
cal gradient of K™ that the cells experience will be
far larger than the situation in which extracellular
K™ levels are significantly raised. The concentra-
tion of extracellular K* required to suppress the
valinomycin-induced behavior (Fig. 1) indicates
that the cells do maintain a significant K* elec-
trochemical gradient across some unknown mem-
brane or compartment whose activity is closely
coupled to flagellar activity. An equal argument
can be presented for the gramicidin-induced be-
havior and its augmentation by elevation in-ex-
tracellular Na™ in the sense that this indicates a
greater movement of Na™ into the cell at the
higher extracellular Na™ .

Since photobehavior is expressed in chloro-
past-free cells [1] and is unaffected by
mitochondrial uncouplers [18,19], the ion-ex-
change compartment linked to flagellar activity is
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either the cell compartment as a whole (with fluxes
across the plasma membrane) or the flagellum and
flagellar membrane-enclosed photoreceptor unit
[1]. Although the ionophores can be expected to
equilibrate ions across any compartment, altera-
tion in ion distributions across the two major
intracellular compartments (chloroplasts or
mitochondria) would appear to be inconsequential
to flagellar activity. With no evidence for any
plasma membrane ion permeability changes that
can be linked to flagellar activity [20,21], we hypo-
thesize that the ionophore effects reflect ion trans-
location across the flagellar system. The action of
gramicidin and tetraphenylborate combinations on
photobehavior are thought to reflect general dis-
ipation of monovalent cation gradients. The tetra-
phenylborate, unless at very high concentrations,
is unlikely to significantly alter K* levels by com-
plexation on the basis of a K : tetraphenylborate
ratio in the insoluble complex of 1:10 [22].

We conclude, therefore, that dissipation of cell-
ular K™ gradients is coupled to change in flagellar
activity. Since we have demonstrated the calcium
dependence of the Na™ influx indirectly, (this
paper) and the calcium dependence of A23187-in-
duced flagellar reorientation [1], K™ efflux ap-
pears to be coupled to Ca’” influx due to the
dependence of flagellar reorientation on internal
calcium elevation [1,2]. Direct measurements of
the ion fluxes will be required to verify this conclu-
sion. The mechanism of the coupling remains to be
elucidated. Finally, we have been unable to obtain
any evidence to support previous hypotheses for
an H" gradient in photobehavior of Euglena
[23.24]. By similar methods, photobehavior in

Chlamydomonas and Stentor has been shown to be

abolished by a small change in extracellular pH
[25,26] whereas photobehavior in Fuglena persists
over the pH range 3.5-8.2 (Refs. 1, 19, 27-29 and
this study). Photobehavior in Chlamydomonas and
Stentor is significantly altered by protonophorous
uncouplers such as 2,4-dinitrophenol, FCCP and
nigericin [26,30,31] while 2,4-dinitrophenol, even
at pH 3.5 where maximum uptake can be expected
[32,33], does not alter induction of step-down pho-
tobehavior in Fuglena [18] although it can have
adverse effects on motility [18,19,32] and thus
cause apparent inhibition of photoaccumulation
behavior [19,34]. Indirect evidence from the pH-

dependent uptake of 24-dinitrophenol into
Euglena [32,33] and direct measurements [35] show
the existence of a considerable pH gradient be-
tween the medium and the inside of Euglena. The
2,4-dinitrophenol uptake is cancelled by nigericin
{33], indicating that the ionophore can dissipate
the pH gradient without affecting photobehavior.

In conclusion, we have provided evidence to
support our previous suggestion [1] that intrafla-
gellar free calcium is controlled indirectly by ion
gradients of monovalent cations.

Acknowledgements

This work was supported in part by grant No.
PCM-79-05320 from the U.S. National Science
Foundation to B.D.. We should like to express our
deep gratitude to Dr. Keith Garlid (Medical Col-
lege of Ohio at Toledo) and to Dr. Robert MaNab
(Yale University, New Haven, CT) for useful dis-
cussions during the course of this work.

References

—

Doughty, M.J. and Diehn, B. (1979) Biochim. Biophys.

Acta 588, 148-168

2 Doughty, M.J. and Dryl, S. (1981) Prog. Neurobiol. 16,

1-115

Doughty, M.J., Grieser, R. and Diehn, B. (1980) Biochim.

Biophys. Acta 602, 10-23

4 Ovchinikov, Y.A., Ivanov, V.T. and Shkrob, A.M. (1974)

Membrane Active Complexes, Elsevier, Amsterdam

Weinberg, E.D. (1967) in Antibiotics, Vol. 2 (Gottlieb, D.

and Shaw, P.D., eds.) pp. 240-253, Springer-Verlag, New

York

6 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall,

R.J. (1951) J. Biol. Chem. 193, 265-275

Pressman, B.C. (1973) Fed. Proc. 32, 1698-1703

Henderson, P.J.F., McGivan, J.D. and Chappell, J.B. (1969)

Biochem. J. 111, 521-535

9 Caroni, P., Gazotti, P., Vuilleumier, P., Simon, W. and
Carafoli, E. (1977) Biochim. Biophys. Acta 470, 437-445

10 Ketterer, B., Neumcke, B. and Liuger, P. (1972) J. Mem-

brane Biol. 5, 225-245

Chappell, J.B. and Crofts, A.R. (1965) Biochem. J. 95,

393-402

12 Myers, V.B. and Haydon, D.A. (1972) Biochim. Biophys.
Acta 274, 313-322

13 Pfeiffer, D.R., Taylor, R.W. and Lardy, H.A. (1978) Ann.
N.Y. Acad. Aci. 307, 402-423

14 Martin, R.B. and Richardson, F.S. (1979) Q. Rev. Biophys.
12, 181-209

15 Kempner, E.S. and Miller, J.H. (1965) Biochim. Biophys.

Acta 104, 11-17

w

w

o0 ~1

1

—



43

16 MacRobbie, E.A.C. (1974) In Algal Physiology and Bio- 26 Walker, EB., Yoon, M. and Song, P.S. (1981) Biochim.
chemistry (Stewart, W.D.P., ed.), pp. 676-713, University Biophys. Acta 634, 289-308
of California Press, Los Angeles 27 Wolken, J.J. and Shin, E. (1958) J. Protozool. 5, 39-46
17 Checcucci, A., Colombetti, G., Ferrara, R. and Lenci, F. 28 Diehn, B. and Kint, B. (1970) Physiol. Chem. Phys. 2,
(1975) Photochem. Photobiol. 23, 51-54 483-488
18 Barghigiani, C., Colombetti, G., Lenci, F., Banchetti, R. 29 Gossel, I. (1957) Arch. Microbiol. 27, 288-305
and Bizzaro, M.P. (1979) Arch. Microbiol. 120, 239-245 30 Stavis, R.L. and Hirschberg, R. (1973) J. Cell Biol. 59,
19 Diehn, B. and Tollin, G. (1967) Arch. Biochem. Biophys. 367-377
121, 169-177 31 Song, P.-S., Hader, D.-P. and Poff, K.L. (1980) Photochem.
20 Mikolajczyk, E. and Diehn, B. (1978) J. Protozool. 25, Photobiol. 32, 781-786
461-470 32 Kahn, J.S. (1973) Arch. Biochem. Biophys. 159, 646—650
21 Shimmen, T. (1981) Protoplasma 106, 37-48 33 Evans, W.R. (1971) J. Biol. Chem. 246, 6144—6151
22 Sporek, K. and Williams, A.F. (1955) Analyst 80, 347-354 34 Banchetti, R., Del Carratore, G., Ferretti, S. and Lenci, F.
23 Tollin, G. (1973) In Behavior of Microrganisms (Perez- (1977) Abstr. No. 483, 5th Int. Congr. Protozool. New York
Miravete, A., ed.), pp. 91-105, Plenum Press, New York 35 Votta, J.J.,, Jahn, T.L. and Levedahl, B.H. (1971) J. Proto-
24 Froehlich, O. and Diehn, B. (1975) Nature 248, 802-804 zool. 18, 166-170
25 Nultsch, W. (1977) Arch. Microbiol. 112, 179-185



