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Photoactivated adenylyl cyclase (PAC) was first purified from a photosensing organelle (the paraflagellar body) of the
unicellular flagellate Fuglena gracilis, and is regarded as the photoreceptor for the step-up photophobic response.

Here, we report the kinetic properties of photoactivation of PAC and a change in intracellular cAMP levels upon blue
light irradiation. Activation of PAC was dependent both on photon fluence rate and duration of irradiation, between

which reciprocity held well in the range of 2-50 umol m=2 s~! (total fluence of 1200 pumol m~?). Intermittent
irradiation also caused activation of PAC in a photon fluence-dependent manner irrespective of cycle periods.
Wavelength dependency of PAC activation showed prominent peaks in the UV-B/C, UV-A and blue regions of the
spectrum. The time course of the changes in intracellular cAMP levels corresponded well with that of the step-up
photophobic response. From this and the kinetic properties of PAC photoactivation, we concluded that an increase in
intracellular cAMP levels evoked by photoactivation of PAC is a key event of the step-up photophobic response.

Introduction

Euglena gracilis, a unicellular flagellate, shows abrupt changes
in its swimming direction in response to a sudden increase
or decrease in incident light intensity (i.e. step-up or step-
down photophobic responses), resulting in photoavoidance
or photo-accumulation, respectively."* It also shows positive
and negative phototaxis (movement toward or away from the
light source, respectively).®* Although these responses have
been well known over a century, the responsible photosensor
molecules have remained unidentified until recently. In 2002,
Iseki et al. purified a novel blue-light receptor flavoprotein, PAC
(photoactivated adenylyl cyclase), from a subcellular fraction
containing photosensory organelles (the paraflagellar body:
PFB or the paraxonemal body: PAB) of Euglena. They showed
that PAC acts as a photosensor for the step-up photophobic
response.” In 2003, Ntefidou et al. reported that PAC itself or
a molecule that is similar to PAC was also involved in positive
and negative phototaxis.*

PAC consists of alpha and beta subunits both having two
flavin binding domains F1 and F2, each followed by a catalytic
domain of adenylyl cyclase C1 and C2, respectively. The flavin
binding domains of PAC are similar to the N-terminal region of
the flavoprotein AppA from the purple bacterium Rhodobacter
sphaeroides.® Since both PAC and AppA act as photosensors,
these flavin binding domains are called BLUF (sensors of blue-
light using FAD).” Recently, blue-light induced red-shift in
absorption spectra of several BLUF proteins has been reported,
and is regarded as a primary photochemical process of the
photosensors.'*"?

PAC shows adenylyl cyclase activity that is elevated upon
blue light irradiation. Based on this fact, it is natural to think
that light activation of PAC leads to an increase in intracellular
cAMP levels which induces the step-up photophobic response.

T Presented at the 14th International Congress on Photobiology, at
Jungmoon, Jeju Island, South Korea, 10th—-15th June 2004.

This journal is © The Royal Society of Chemistry and Owner Societies 2005

However, this hypothesis has not yet been proven because in
vitro kinetic properties of photoactivation of PAC and actual
changes in intracellular cAMP levels upon blue light irradiation
have not been determined so far.

In this study, we examined fundamental features of in vitro
photoactivation of PAC in terms of photon fluence-response
relationships and wavelength dependency, which corresponded
well with those of the step-up photophobic response. We also
showed the change in intracellular cAMP levels during the step-
up photophobic response, which provides experimental evidence
that an increase in intracellular cAMP is closely related to the
step-up photophobic response.

Materials and methods
Culture conditions

Euglena gracilis strain Z (NIES-48) was grown in a heterotrophic
growth medium (0. 14 M KH,PO,, 0.2 M MgSO,-7H,0,2.9 M
sodium acetate, 0.1 M potassium citrate, 0.6 g 1-' Bacto peptone
(Difco, Detroit, MI), 0.4 g 17! yeast extract (Difco), 1.2 uM
vitamin B, 3.4 pM vitamin B,,) under continuous white light
illumination (20 pmol m~? s™') or in darkness at 27 °C.

Isolation of PFBs and purification of PAC

PFBs were isolated as described previously’ and stored as pellets
at —30 °C. The PFB containing pellets were suspended in a
lysis buffer (40 mM Tris-HCI pH. 8.0 at 4 °C, 0.2% n-dodecyl-
B-D-maltoside, 1 mM dithiothreitol, 0.1 mM phenlylmethyl-
sulfonyl fluoride) and sonicated (20 kHz, 5 times 1 s). After
removing debris by centrifugation (12 000 g, 10 min, 4 °C),
PAC was purified from the lysate using liquid chromatography
as described previously with a small modification.®* We used
Resouce Q (Amersham Biosciences, Freiburg, Germany) as
an anion exchange column and Superdex 200 10/300 GL
(Amersham Biosciences) as a gel-filtration column. The sample
was applied to the anion exchange column equilibrated with

Photochem. Photobiol. Sci., 2005, 4, 727-731

727



http://dx.doi.org/10.1039/b417212d
http://pubs.rsc.org/en/journals/journal/PP
http://pubs.rsc.org/en/journals/journal/PP?issueid=PP004009

Published on 15 March 2005. Downloaded by Graduate University for Advanced Studies on 13/08/2013 07:26:59.

View Article Online

a start buffer (40 mM Tris-HCI pH 8.0 at 4 °C, 0.02% n-
dodecyl-B-D-maltoside, 1 mM dithiothreitol), and eluted with
a linear gradient of NaCl (0-0.5 M in the start buffer). Forty-
one fractions of 0.5 ml each were collected from the eluate.
Fluorescence emission spectra of the fractions were measured
under 370 nm excitation and the fraction showing the strongest
fluorescence at 530 nm was recognized as the peak fraction that
contained the largest amounts of PAC. The peak fraction and
its adjacent two fractions were combined, concentrated by a
centrifugal concentrator device (Biomax-5, Millipore Co., MA,
USA) and then applied to the gel-filtration column equilibrated
with a gel-filtration buffer (150 mM NacCl in the start buffer).
Forty-eight fractions of 0.5 ml each were collected, and a
PAC-rich fraction was determined by fluorescence measurement
as above and used for the adenylyl cyclase assay. Protein
concentrations were determined by the Bradford assay using
bovine serum albumin as a standard.

Adenylyl cyclase assay

Measurements of the adenylyl cyclase activities of PAC were
done in an assay buffer (50 mM Tris-HCI, pH 7.5, 1 mM
dithiothreitol, 1 mM MnCl,, 0.1% bovine serum albumin)
containing 100 pM ATP at 27 °C under various irradiation
conditions. Reactions were started by adding purified PAC into
the reaction mixture and were stopped by adding trichloroacetic
acid (TCA, final concentration: 5%) at an appropriate time.
After removing TCA by partitioning into diethyl ether, cAMP
in the reaction mixture was assayed with a BIOTRAK EIA
system (Amersham Biosciences). In the experiments which were
done under constant irradiation throughout the reaction period
(Figs. 1A and 3), activation of PAC was represented as the
initial velocity of the reaction (pmol min~' pg™') according
to a usual definition of enzyme activity. In other experiments
which were done under a light/dark regime during the reaction
period (Figs. 1B, 1C and 2), such a definition of activity was
not applicable because the reaction velocity could drastically
change during the reaction period. Therefore, PAC activation in
these experiments was represented as the amount of cAMP in
the reaction mixture (fmol ml~").

Light sources

An LED illuminator (MIL-U200 with MIL-B18, SANYO
Electric Biomedical Co., Ltd., Tokyo, Japan: peak wavelength,
472 nm; full width at half maximum, 30 nm) was used for in vitro
kinetic analyses of PAC activation and for intracellular cAMP
measurements. For intermittent irradiation, the LED illumina-
tor was controlled by a relay unit (R4-ICH, Data Six Ltd., Kobe,
Japan) connected to a personal computer (PCT-2202T, Hitachi
Ltd., Tokyo, Japan). The Okazaki Large Spectrograph® was
used to examine the wavelength dependency of PAC activation.
Most of the experiments including purification of PAC were
done under dim red light (<0.2 pmol m~? s7') obtained from
a fluorescent tube (FL15W, Matsushita Electric Industrial Co.
Ltd., Osaka, Japan) covered with an acrylic filter (Acrylite
102, Mitsubishi Rayon Co. Ltd., Tokyo, Japan). Photon fluence
rates were measured using a silicon photodiode photometer
(RMS101, Rayon Ind. Co. Ltd., Ibaraki, Japan).

Measurement of intracellular cAMP

More than 8 hours prior to each experiment, the dark-grown
Euglena cells were harvested by centrifugation (400 g for 5 min
at 25 °C) and resuspended in Diehn’s resting medium (4.2 mM
Ca(NOs),, 3.7 mM KH,PO,, 2.1 mM MgSO,)" at a density of
2-4 x 10° cells ml~'. A 0.5-ml aliquot of the cell suspensions was
transferred to a glass tube and used for a single measurement.
Cell suspensions were fixed by adding TCA (final concentration:
5%) at an appropriate time and immediately cooled on ice. After
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Fig.1 (A) Photon fluence rate-response curve for PAC activation. The
reaction mixtures containing PAC (1 ng ml™') were irradiated with blue
light from LEDs (472 nm) for 10 min at 27 °C. (B) The relationship
between duration of irradiation and PAC activation. The reaction
mixture containing PAC (4 ng ml™") was irradiated with blue light (20
umol m=2 s~!', LEDs) for various durations (30, 60, 180, 360 s) within a
constant reaction time (360 s). (C) Activation of PAC upon blue light
irradiation at constant fluence. The reaction mixtures containing PAC
(10 ng ml™") were irradiated with blue light under various combinations
of photon fluence rate and duration: (a) 2 umol m~2s, 600 s; (b) 10 pmol
m~—2s7',120s; (c) 20 umol m=2 57!, 60 s; (d) 50 umol m~2 s, 24 s. Reactions
were stopped at 600 s after onset of irradiation. Bars indicate standard
errors, n = 3-4.

removing cell debris by centrifugation (10,000 g 10 min at 4 °C),
cAMP in the supernatant was measured as described above.

Results and discussion
Dependency on photon fluence rates

In this study, we purified PAC according to Iseki et al.” with
a small modification and observed adenylyl cyclase activity of
the purified PAC under blue light provided by LEDs (472 nm).
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Purified PAC activity under constant irradiation of blue light
at 10 umol m=2 s was ca. 1.8 pmol min~'ug~', which was
slightly lower than the activity obtained in a previous study’
may be related to the modification in the purification steps.
To elucidate the fluence rate-response relationships in PAC
activation, we measured the activity of PAC under blue light at
various photon fluence rates. As shown in Fig. 1A, PAC activity
(1 ng ml™! in the reaction mixture) increased proportionally
to photon fluence rates in the range of 2-50 umol m=? s and
became nearly saturated in the range of 50-100 pmol m= s~'.
Ranges of photon fluence rates were equivalent to those that
induce physiological responses in Euglena, such as the step-up
photophobic response’ and photodispersal of several mutant
strains.'®

Dependency on duration of irradiation

To examine the effects of irradiation time on PAC activation,
we measured the amount of cAMP in the reaction mixture
under blue light (20 umol m=? s7') by varying the duration
of irradiation between 0 and 360 s in the 360 s reaction time.
As shown in Fig. 1B, the amount of cAMP produced by PAC
increased proportionally to the duration of irradiation. This and
the above results imply that activation of PAC is dependent on
total photon fluence.

Bunsen-Roscoe law of reciprocity

To confirm the dependency of PAC activation on photon fluence,
we measured the amount of cAMP produced in 600 s under
blue light at various combinations of photon fluence rates and
durations of irradiation, i.e., 2 pmol m=2 s' and 600 s, 10 pmol
m~2 s7! and 120 s, 20 pmol m~2 s! and 60 s and 50 pmol
m~2 s~ and 24 s, which produce the same fluence (1,200 pmol
m~?). The amounts of cAMP produced under blue light at each
combination were approximately 0.8 fmol ml™', and there was
no significant difference between them, judged by the -test (p <
0.05). This demonstrates that reciprocity is valid for the fluence
rate range of 2-50 umol m~ s~! and for the duration range of
24-600 s. Taking into account all the above results, we conclude
that activation of PAC is entirely dependent on photon fluence
and can be regarded as a simple photochemical reaction.

Intermittent irradiation

The fact that the amount of cCAMP was proportional to the
duration of irradiation (Fig. 1B) means that activation of PAC
occurred only during irradiation of blue light: i.e., if the elevation
of activity lasted for several minutes even in darkness, the curve
would not be proportional to the duration of irradiation. To
examine the duration of the elevation of activity, we measured
the amounts of cCAMP in the reaction mixture under intermittent
irradiation of blue light (100 pmol m™ s7!'). Intermittent
irradiation with pulses of light/dark in equal lengths (0.1-180 s)
caused activation of PAC to almost the same extents irrespective
of the cycle periods (Fig. 2). This means that elevation of PAC
activity occurs only during the light period and that elevated
PAC activity falls off within 0.1 s after termination of irradiation:
if the elevation of activity lasts for more than 0.1 s, the amount of
cAMP should increase with the frequency. Such responsiveness
is fast enough for PAC to mediate the step-up photophobic
response that occurs with several subseconds latency."’

Wavelength dependency

It is reasonable that PAC is activated by UV-A and blue
light because it contains FAD as a chromophore,” however,
experimental evidence for the wavelength dependency of PAC
activation is lacking. Therefore, we tried to determine the action
spectrum for the activation of PAC using the Okazaki Large
Spectrograph. However, since adenylyl cyclase assay requires
elevated costs to determine the actual action spectrum based on
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Fig. 2 Activation of PAC upon intermittent irradiation. The reaction
mixtures containing PAC (4 ng ml~") were irradiated with intermittent
blue light (100 umol m~2 s~', LEDs) at a duty ratio (ratio between
durations of light and dark periods) of 1 : 1 for 360 s. Bars indicate
standard errors, n = 4.

fluence-response relationships, we examined wavelength depen-
dency between 260-650 nm at equal-quanta (10 umol m=2 s™').
The curve of wavelength dependency showed prominent peaks
at 290, 390 and 450 nm (Fig. 3A). Fundamental features of the
wavelength dependency coincided well both with the absorption
spectrum of FAD and the action spectrum for the step-up
photophobic response of Euglena (Fig. 3B)," though small
differences could be seen: e.g., the relative height of the 290 nm
peak in the spectrum was lower than that of the corresponding
peaks in other spectra. This confirmed that PAC is a sensor for
the step-up photophobic response using FAD as a chromophore.
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Fig. 3 (A) Wavelength dependency of PAC activation. The reaction
mixture containing PAC (2 ng ml~') was irradiated with monochromatic
light (from 270 to 650 nm, 10 pmol m~? s7') from the Okazaki Large
Spectrograph for 10 min, at 27 °C. Bars indicate standard errors, n =
3-4. (B) Action spectra for the step-up photophobic response in Euglena
(square) and absorption spectra of aqueous solutions of 1 x 10~° M FAD
(solid line). Redrawn from Matsunaga et al.'s
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The change in intracellular cAMP levels during the step-
up photophobic response. Since in vitro activity of PAC was
elevated by blue light irradiation, we hypothesize that an increase
in intracellular cAMP level evoked by photoactivation of PAC
is a major cause of the step-up photophobic response. However,
so far, there has been no experimental evidence that blue light
irradiation induces an increase in intracellular cAMP level of
FEuglena. To examine this hypothesis, we measured intracellular
cAMP before and after onset of blue light irradiation (20 pmol
m~? s7'). The intracellular cAMP level remarkably increased
within 1 s after onset of irradiation (Fig. 4). The cAMP level at
1 s after onset of irradiation became almost three times higher
than that before irradiation. From the data shown in Fig. 4,
the increase in cAMP is 3 x 10~ fmol cell”'. On the other
hand, we estimated the increase in cAMP under irradiation with
blue light at 20 pumol m=2 s7! for 1 s to 2.5 x 10~° fmol cell™!
from Fig. 1A by assuming that the PFB (volume: 0.38 pum?,
calculated from the size;' specific gravity: 1.25, estimated from
density gradient centrifugation®) solely consisted of PAC: this is
the maximum estimation because it has been reported that PFB
also contains other proteins such as pterin binding proteins.®*®
Thus, the measured value of the increase in intracellular cAMP
was at least 10 times higher than estimated. This means that the
actual activity of PAC in the Euglena cell is much higher than
the in vitro activity of the purified PAC, or that PAC is present
not only in PFB but also in other cellular compartments such
as flagella. The former can be well explained by considering a
possibility that the activity of PAC used in the in vitro assay might
have been lowered during storage of the PFB preparation and/or
during purification of PAC. The latter is also possible because it
has been reported that several mutant strains of Euglena gracilis
and Astasia longa, which have no PFB but have homologues of
PAC, show the step-up photophobic response.**
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Fig. 4 The change in intracellular cAMP level upon blue light
irradiation. Amounts of intracellular cAMP in Euglena cells were
measured before and after onset of blue light irradiation (20 pmol
m~s~!, LEDs). Bars indicate standard errors, n = 4-6.

The elevated cAMP level upon irradiation with blue light went
down within 10 s and gradually returned to the initial level even
if irradiation continued. The time course of intracellular cAMP
coincides well with the process of the step-up photophobic
response: a Euglena cell shows a turn or tumbling for several
seconds in response to blue light irradiation, and then resumes
a straight swimming. This suggests that the increase in intracel-
Iular cAMP level induces the step-up photophobic response of
Euglena and that the decrease of cAMP induces the recovery
of straight swimming. Therefore, the step-up photophobic
response is dependent on a mechanism that brings about such
high and low intracellular cAMP levels. A major component
for the former function should be PAC, which produces cAMP
upon blue light irradiation, and that for the latter would be a
phosphodiesterase (PDE), which decomposes cAMP, probably
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by sensing the elevated cAMP level (Fig. 5). It has been reported
that circadian rhythmicity of the activities of adenylyl cyclase
and PDE generated circadian oscillations of cAMP level in
Euglena cells.® In contrast to circadian oscillations of CAMP,
the change in cAMP level during the step-up response is fast and
transient. Therefore, we suggest that there may be an unidentified
PDE specifically involved in the photophobic response probably
located in the PFB or in the flagellum.

Turn or tumbling
(Step-up photophobic response)

UA-B/C, UV-A
and Blue light

? (cAMP
ATP

Fig. 5 Schematic representation of PAC involvement in the step-up
photophobic response of Euglena. PAC is activated by UV-B/C, UV-A
and blue light in a photon fluence-dependent manner to produce cAMP,
which increases intracellular ;cAMP. The increase in intracellular cAMP
triggers the step-up photophobic response, being followed by a decrease
in intracellular cAMP, probably mediated by PDE, which brings about
recovery from the step-up photophobic response.

Elcrease in intracellular cAMF’J

W

[Decrease in intracellular cAMPj

Straight swimming
(Recovery from step-up photophobic response)

Concluding remarks

In this study we found that in vitro kinetic properties of PAC
photoactivation are suitable to explain the step-up photophobic
response and that the change in intracellular cAMP level
corresponded well with the process of the step-up photophobic
response. Taking these results into account, we concluded that
the increase in intracellular cAMP evoked by photoactivation of
PAC is a key event of the step-up photophobic response (Fig. 5).
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