Algal Vision
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Fig. 4-6. (a) Euglena gracilis. (b) Astasia klebsii. - (c) Eutreptiella marina. (d)
- Trachelomopas grandis. (e) Phacus triqueter. (C) Chloroplast; (Ca) canal; (CV) contrac-
tile vacuole7 (E) eyespot; (Ev) envelope; (F) emergent flagellum; (FS) flagellar swelling;
(M) mitochondrion; (N) nucleus; (P) paramylon grains or paramylon sheath around

- chloroplast; (R) reservoir. (After Leedale, 1967.)
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Fig. 15-1. Semidiagrammatic drawing of a cell in a Volvox ve_%e'tative colony. The colony .
wall (CW) is distinct from the cell wall (W). (C) Chloroplast’E) eyespot; (F) flagellum;
(G) Golgi; (M) mitochondrion: (N) nucleus; (P) pyrenoid; (S) starch. (Adapted from-;§
Pickett-Heaps, 1970.)
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Figs 4-7. Thin-section electron micrographs of Chlamydomonas reinhardtii.
4,5. A wild-type cell. 6,7. A mes-10 cell. 5,7. The high magnification view
around the eyespots in each 4 and 6. Arrows show the eyespots. Mes-10 has
two eyespots in a cell, and an eyespot faced to the nucleus.

Nakamura, Shogo, Ogihara, Haruo, Jinbo, Kinue, Tateishi, Midori,
Takahashi, Tetsuo, Yoshimura, Kenjiro, Kubota, Mamoru, Watanabe,
Masakatsu & Nakamura, Soichi. (2001) Chlamydomonas reinhardtii
Dangeard (Chlamydomonadales, Chlorophyceae) mutant with multiple
eyespots. Phycological Research 49 (2), 115-121.



?m}z_o?-_._

_f-mfﬂ,\y\. L\.g\bro:?\utm OAA&& More one boo vespomans

AL lowo L‘SAﬂ Mmh\ r_’cLa_A%csL ,_.gt‘é—m\&skm&m bb;l-u.&.n_

/{?\Aa&u &a&b PO -Y7-Y \mmw_\tﬁ_, \@M& i:(u‘ \ub&d—

e e SEALTLA,

""""" Q%&?UT T m e o

Al 1 \ L R
T Bea

,,,,,,, =
L~ Ry 4 SV
(P_Y u\k e o Lkumu

S —emund. Mo susmning

N VOSSR 1 O s~ Ao ~HD® e
f‘:fw,‘ T,w.-_,_ww_@u«t\m:_mm&._,.w.W_“A .

777777 M/Qﬂmw o QVK‘ML% ‘O.M\Ns%

e “*m&wm&w&mg s o s @’v e
R . /le;ﬁ%WOAs *‘o&n_, AL L.,k e

*/,g}'ﬂ S L%L%_Lmkemiu\ . .7 u.\,\s »_‘skue-L eh:sus._

Coriscd Siimaniieg (0 e wmm(fjf]
T A“‘mtmmgwfczem ee™) . Tank b nacekina
- 'P\‘“? deavs., §

| I

W«;wu.u. ?wc mxuu- s

e Q\%m ~ >u\a>,~oa>~\5b\ug,! e @Sms y ,gg :h-u.k\s, -

- lle‘tfmh"‘ ? LSCKC\‘P\ \/ Sien A0 mgc‘ma&hcba\_g. e
Puale A3 aLs-awy e .,

s ¢\aqg_\\¢\_ Giors ot tevee—



Yomp Ak _

FIG. 2. Design principles of phototaxis in Chlamydomonas. (a) Side view of
cell; (b) end view. The incident light pattern is indicated by solid arrows.
The eyespot, which lies inside the chloroplast (dashed line), forms part of
the antenna. Rotation of the cell causes the antenna to scan the incident light.
This produces a signal that controls the flagellar beat (see Fig. 3). The
antenna direction (open arrow) is normal to the cell surface. The antenna is
most sensitive to hght comlng from this direction. Successive positions of
ento the flagella during the
power stroke are shown.
Flagellar motion causes the
cell to translate with the
flagellar end forward and to
rotate in the left-hand sense.

KENNETH W. FOSTER
AND ROBERT D. SMYTH
(1980) Light Antennas in
Phototactic Algae.
MICROBIOLOGICAL
REVIEWS 44:572-630.
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FIG. 17. Chlamydomonas spectra. (a) Action spectrum for phototactic
aggregation. (b) Reciprocals of intercept intensities from linear plots of
response versus log intensity. By theory these intercepts should be
proportional to the absorption of the photoreceptor pigment. Solid lines (a)
and (b) are absorption spectra of cattle rhodopsin (242). (c) Slope of lines
obtained by plotting response versus log intensity at each wave-length. By
theory the slopes should be proportional to the extinction spectrum of the
screen. (d) Absorption spectrum of bulk pigments calculated from
absorption spectra of chlorophyll a and b (216) and beta-carotene (240) and
concentrations in cell (201). The maximum of (c) coincides with the peak
absorption of the bulk pigments in (d). Chlamydomonas data are from
Nultsch et al. (201).
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KENNETH W. FOSTER AND ROBERT D. SMYTH (1980) Light
Antennas in Phototactic Algae. MICROBIOLOGICAL REVIEWS
44:572-630.



FIG. 7. Section through the eyespot of the chlorophycean Chlamydomonas
reinhardtii showing the four layers of pigment globules making up the eye-
spot; each layer is covered on its inner face by a thylakoid double
membrane. Abbreviations: cm, cell membrane; c, chloroplast. (Electron
micrograph by L. Andrew
Staehelin using a spray
freezing technique

[148].)

KENNETH W. FOSTER
AND ROBERT D.
SMYTH (1980) Light
Antennas in Phototactic
Algae.
MICROBIOLOGICAL
REVIEWS 44:572-630.
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FIG. 6. Photograph of light reflected from the anterior surface of a colony of
Volvox carteri f. weismannia taken with an epi-illuminated microscope.

The bright spots (about 2.5 ,um across) are reflections from the eyespots.
Each cell is visible by chloroplast fluorescence. (Photo by K. Foster and R.
Birchem.)

KENNETH W. FOSTER AND ROBERT D. SMYTH (1980) Light
Antennas in Phototactic Algae. MICROBIOLOGICAL REVIEW
44:572-630. '
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FIG. 4. Reflection. (a) Perfect
mirror. Plot of incident wave, Ei,
coming from the left, reflected
wave, Er, going to the left, and
the sum E = Ei + Er. The summed
wave is a standing wave; the
dashed lines show its extrema. (b)
Interference reflector. Plot of a
segment of a wave one
wavelength long at seven
successive instants of time.
During the time interval between
plots the wave advances half a
wavelength. The wave is incident
on a stack of transparent
alternating high (H)- and low (L)-
refractive index layers which are
one-quarter of a wavelength thick.
The first reflections produced by
the wave segment at each of the
four interfaces are shown. The
front of each wave is indicated by
an arrow. Vertical arrows indicate
the zones of maximum intensity
(electric energy density).

KENNETH W. FOSTER AND
ROBERT D. SMYTH (1980)
Light Antennas in Phototactic
Algae. MICROBIOLOGICAL
REVIEWS 44:572-630.
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This is photo induced trans-to-cis isomerism exploited in the visual system
where the conversion of all-trans-retinal to 11-cis-retanal is the main photon
detector. With time, the 11-cis-retanal thermally relaxes back to the all-
trans-retinal configuration. Retinal is derived from retinol, also known as
vitamin A.

Retinol (vitamin A)

3] i5
. il | .
NN O
pho thermal
excitation 11 relaxation

Li-cis-Retingl

From the
Chemogenesis
Web Book.
Photochemistry
Section. By Mark
R. Leach.

http://www.meta-synthesis.com/webbook/17_photo/photo.html
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Voltage dependence of photocurrents. Solutions were buffered with 5 mM
MOPS (pH = 7.5), MES (pH = 6), or citrate (pH = 5 and 4). Concentrations
(in mM): 1 100 NaCl, 2 CaCl,, (pH = 7.5); 2 100 NaCl, 2 CaCl,, (pH = 6.0);
3 100 Na-aspartate, 2 CaCl,, (pH = 6.0); 4 100 NMG-Cl, 2 CaCl,, (pH =
6.0); § 100 NaCl, 2 CaCl,, (pH = 6.0); 6 100 NaCl, 2 EGTA, 2 MgCl,, (pH =
6.0); 7 200 sorbitol, 5 EGTA (pH = 5.0); 8 200 sorbitol, 5 EGTA (pH = 4.0).

B
< A +~ 1 a NaCi, CapHT5
= 504 « 2 « NaCl CapH.s
\Q' ' / 3 ol Nmp' Ca pH°6
~ 4 -+ . NMG-Cl, Ca pH.$
-100- 5. e.-NaCl, CapHS8
6 - - NaCl, MgpHS§
7 = sorbitol pH .5
-150\ 8 - x--- gorbitol pH 4
100 50 O 50 100
VI mV

Nagel, G, D Ollig, M Fuhrmann, S Kateriya, AM Musti, E Bamberg and P
Hegemann (2002) Channelrhodopsin-1: A light-gated proton channel in
green algae. Science 296:2395-2398.
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Current responses to voltage steps from V = -100 mV to +40 mV, followed
by green light pulses. Bath solution: 100 mM Na-acetate, 5 mM Mes (pH
adjusted to 6.0 with NaOH).

Nagel, G, D Ollig, M Fuhrmann, S Kateriya, AM Musti, E Bamberg and P
Hegemann (2002) Channelrhodopsin-1: A light-gated proton channel in
green algae. Science 296:2395-2398.
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Wavelength dependence of the light-induced inward current at pH, = 5.5 and
—40 mV. The photocurrents were corrected for equal photon flux.
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Nagel, G, D Ollig, M Fuhrmann, S Kateriya, AM Musti, E Bamberg and P
Hegemann (2002) Channelrhodopsin-1: A light-gated proton channel in
green algae. Science 296:2395-2398.
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(¢) Normalized inward photocurrents at mM salt solutions of:
LiCl, NaCl, KCl, RbCl, CsCl,and NMG-CI, measured in the same
oocyte. Currents are typical of those in four other experiments.

Georg Nagel, Tanjef Szellas, Wolfram Huhn, Suneel Kateriya, Nona
Adeishvili, Peter Berthold, Doris Olli g, Peter Hegemann, and Ernst Bamberg
(2003) Channelrhodopsin-2, a directly light-gated cation-selective
membrane channel. Proc. Natl. Acad. Sci. USA 100:13940-13945.
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(g) Photocurrent in 80 mM CaCl,, pH 9 at =100 mV (Lower and
Inset, higher time resolution). Afterward, the oocyte was injected
with 1 ,2-bis(2-aminophenoxy)ethane-N,N,N’-tetraacetate
(BAPTA)(as K-salt) to a final concentration of 10 mM, and
photocurrent was determined again (Upper and Inset). Currents are
typical of those in four other experiments'.

O m\ KR-BAPTA

(o dalotoe
M u\bu&-d lw\kb oo LL&'Q.. -

Lok (N
o and s\ew 0°\

C.\».\“Nt\'\’

R T VS ST N

Y bipnusic
&lc\
®

Georg Nagel, Tanjef Szellas, Wolfram Huhn, Suneel Kateriya, Nona
Adeishvili, Peter Berthold, Doris Ollig, Peter Hegemann, and Ernst Bamberg
(2003) Channelrhodopsin-2, a directly light-gated cation-selective
membrane channel. Proc. Natl. Acad. Sci. USA 100:13940-13945.

' The relative permeability of ChR2, as estimated from inward currents at ~100 mV and
80 mM divalent cation, follows the sequence Ca> > Sr** > Ba* >> Zn*, Mg” (ca. 0)
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FIGURE 1. A: a
Chlamydomonas cell
with two flagella, a
large chloroplast
(green), and the
yellow/orange eyespot.
B: eye function under
consideration

of channelrhodopsin 1
(ChR1),
channelrhodopsin 2
(ChR?2), and a voltage-
or H-gated
Ca**channel (VGCC).
The voltage change,
the membrane and
sensed by VGCCs in
the flagellar

¢ membrane.

“Vision” in Single-Celled Algae. Suneel Kateriya, Georg Nagel, Ernst
Bamberg, and Peter Hegemann. News Physiol Sci 19:133-~137 [2004]
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Figure 1. Photoisomerization of MAL-AZ)-QA gates ionic currents through
modified Shaker channels. (a) The rigid core of MAL-AZO-QA (between
the alpha carbons flanking the azo moiety) changes by about 7A upon
isomerization. (b) MAL-AZO-QA blocks ion flow in the trans confi guration
but is too short to block effectively after photoisomerization to the cis
configuration. Diagram shows a model of the inner helices of the Shaker K*
channel, derived from the crystal structure of the bacterial K* channel MthK,
with the dimensions of MAL-AZO-QA drawn roughly to scale.

— Ao ?\Ab\'b\‘abM. \m\‘-bt-xt_
a MBL-AZO-QA

Banghart M, Borges K, Isacoff E, Trauner D, Kramer RH. (2004) Light-activated ion
channels for remote control of neuronal firing. Nat Neurosci. 2004 7:1381-1386.



Figure 2. Photocontrol of MAL-AZO-QA-modified Shaker channels in X,
laevis oocytes. (a) Raw Shaker K* current traces recorded from an outside-
out patch before and after treatment with MAL-AZO-QA. The top trace in
each panel shows the current before MAL-AZO-QA application. Bottom
traces represent current after 4-min application of 10 muM MAL-AZO-QA
and 2-min washout (left trace), after 1-min exposure to ultraviolet (UV; 380
nm) light (middle trace) and after 1-min exposure to visible (Vis.; 500 nm)
light (right trace). The patch was held at -90 mV and currents were elicited
by 100-ms steps to -20 mV at 1 Hz. (b) K* current amplitudes from the same
outside-out patch during perfusion with MAL-AZO-QA, during washout,
and during alternating illumination with 380 and 500 nm light. (¢) Inside-out
patch from an oocyte treated with 100 muM MAL-AZO-QA for 30 min. The
patch shows a large Shaker current in 380 nm light and almost complete
block in 500 nm light. Pulse protocol same as above, except pulse duration
was 30 ms. (d) Current block in the dark follows a biexponential time course
with tau;, = 0.49 min and tau, = 4.79 min.
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Banghart M, Borges K, Isacoff E, Trauner D, Kramer RH. (2004) Light-activated ion
channels for remote control of neuronal firing. Nat Neurosci. 2004 7:1381-1386.
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Figure 3. Absorbance and action spectra of MAL-AZO-QA. (a) The ultraviolet and
visible light spectrum of a MAL-AZO-QA-glutathione adduct (10 muM) in oocyte bath
solution. To maximize the trans and cis isomers, the solution was exposed to visible and
ultraviolet light, respectively, for 3 min. To generate the adduct, MAL-AZO-QA (1 M)
was treated with reduced glutathione (1.5 M) for 12 h at 21 °C. (b) Unblocking of Shaker
channels at different wavelengths. Currents are from an inside-out patch alternately
exposed to various wavelengths between 300 and 480 nm to unblock the channels, and to
500 nm light to reblock the channels. (¢) Reblocking of Shaker channels at different
wavelengths. The time course of blocking at various wavelengths of visible light. Each
trial is preceded by 1-min irradiation at 380 nm to unblock the channels. Traces are
superimposed for comparison. Normalized current amplitudes were measured at 0.2 min
after onset of blocking. (d) Action spectra for unblocking (left curve) and blocking (right
curve) of Shaker K+ channels. Unblock (left axis): Current unblocked at each wavelength
divided by current at 380 nm (n = 3-8 patches per wavelength). Currents were compared
within each patch. Block (right axis): Fraction of normalized current blocked at 0.2 min
after illumination with visible light (n = 2-7 patches per wavelength).
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Banghart M, Borges K, Isacoff E, Trauner D, Kramer RH. (2004) Light-activated ion
channels for remote control of neuronal firing. Nat Neurosci. 2004 7:1381-1386.
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Figure 4. Expression of light-activated channels confers light sensitivity on hippocampal
pyramidal neurons. (a) Spontaneous action potentials are silenced and revived by
exposure to 390- and 500-nm light, respectively. A neuron that was transfected with the
multiply mutated Shaker channel was treated for 15 min with MAL-AZO-QA before
recording. The frequency of spontaneous synaptic potentials generated by untransfected
presynaptic neurons is not affected by light. (b) Depolarizing current steps elicit
repetitive firing in 500-nm light (left) but only single action potentials in 390-nm light
(right). Neurons were held under current clamp at about -55 mV and were depolarized to
about -15 mV. (¢) Summary of repetitive firing data. Number of spikes resulting from a
suprathreshold depolarization to -15 mV is significantly modulated by light in the
multiply mutated Shaker-transfected neurons treated with MAL-AZO-QA (* P < 0.01).
Neurons expressing the channel without MAL-AZO-QA treatment or treated with MAL-
AZO-QA without channel expression were unaffected by light.

a

@ 500 nm
d 380 413

Mumber of spikes

Banghart M, Borges K, Isacoff E, Trauner D, Kramer RH. (2004) Light-activated ion
channels for remote control of neuronal firing. Nat Neurosci. 2004 7:1381-1386.



