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The brain’s capacity to analyse and interpret information is limited ultimately by the input it receives. This
sets a premium on information capacity of sensory receptors, which can be maximized by optimizing
sensitivity, speed and reliability of response. Nowhere is selection pressure for information capacity stronger
than in the visual system, where speed and sensitivity can mean the difference between life and death.
Phototransduction in flies represents the fastest G-protein-signalling cascade known. Analysis in Drosophila
has revealed many of the underlying molecular strategies, leading to the discovery and characterization of
signalling molecules of widespread importance.

P

hototransduction, the process by which light
energy is converted into a photoreceptor’s
electrical response, has long been at the
forefront of studies, not only of sensory
transduction, but also cell signalling more
generally. Pioneering studies in the 1970s and 80s
unravelled the biochemical steps of excitation in
vertebrate rods and, together with seminal studies of
hormone-stimulated adenylate cyclase, led to the
discovery and characterization of G-protein signalling1.
These cascades, whereby heptahelical transmembrane
receptors such as rhodopsin catalytically activate
heterotrimeric G proteins, are widely found not only in
many sensory receptors (see review in this issue by
Firestein, pages 211–218), but also throughout the body,
where they respond to all manner of chemical messengers,
such as hormones, neurotransmitters, odorants and
tastants.

Photoreceptor performance
One hallmark of such cascades is their capacity for amplification. Early psychophysical experiments indicating that
photoreceptors were capable of responding to single
photons2 were confirmed, first in invertebrates, and later in
vertebrate rods, by electrophysiological recordings showing
that quantized events (quantum bumps) could be recorded
in response to absorption of single photons of light3,4 (Fig.
1). Other functional attributes shared by vertebrate and
invertebrate photoreceptors include low ‘dark noise’ (spontaneous thermal isomerizations of rhodopsin, which sets
the ultimate limit on absolute sensitivity5); efficient mechanisms for response termination; the coding of intensity by
graded potentials; and the ability to light adapt — that is, to
reduce amplification as background intensity increases. But
there are also differences that hint at a dichotomy in the
underlying molecular machinery. First, vertebrate photoreceptors hyperpolarize, because the transduction channels
close in response to light, whereas in most invertebrates the
channels open, leading to depolarization. Second, in rods,
the trade-off between amplification and response speed
limits human temporal resolution to ~10 Hz under dim
conditions. But fly photoreceptors possess the fastest
known G-protein-signalling pathways, responding around
10 times more quickly than mammalian rods and ~100
times faster than toad rods recorded at similar temperatures
(Fig. 1). Third, rods have only a limited ability to adapt,
rapidly saturating as intensity increases; only the less
sensitive cones can respond under daylight intensities. By
contrast, despite their exquisite sensitivity to single
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photons, fly photoreceptors successfully light adapt over the
entire environmental range, up to ~106 effectively absorbed
photons per second (Fig. 1)6–8.
The phototransduction cascade in vertebrate rods is
understood in unparalleled detail9,10, and widely cited as the
textbook example of G-protein signalling, but the molecular strategies underlying invertebrate phototransduction
are still being deduced. We focus here on recent studies in
the fruitfly Drosophila, highlighting the similarities and
differences with the well-established scheme in vertebrates.
Key to our understanding is Drosophila’s unique genetic
potential, which has been exploited to identify the elements
of the cascade, while a powerful mix of molecular genetic
and physiological analysis is providing insight into the
molecular choreography by which these photoreceptors
achieve their exceptional performance.

Photoreceptor ultrastructure
Vertebrate and invertebrate photoreceptors both sequester
their transduction machinery in specialized subcellular
compartments (Fig. 2). Their structure is dictated in the
first instance by the need to maximize the amount of
light-absorbing membrane. Vertebrate rods achieve this
with stacks of membranous discs internalized in the rod
outer segment, which is separated from the rest of the cell
by a short ciliary stalk. By contrast, invertebrate
photoreceptors have tightly packed microvilli, which
together form a cylindrical rhabdomere (from the Greek
rod). Like its vertebrate counterpart, this acts as a lightor waveguide, trapping axially directed light, and at
the same time contains most of the molecules of the
transduction cascade. Converging studies indicate that
individual microvilli, each only 60 nm in diameter, may be
semiautonomous units of excitation and adaptation7,11,12.
Together with their molecular organization, this miniaturization may be the key to understanding the amplification,
rapid kinetics and adaptational capacity of these
remarkable receptors.

The visual cycle
Phototransduction begins with the absorption of light by
rhodopsin, triggering the 11-cis to all-trans photoisomerization of the chromophore (retinal or 2-dehydro-retinal in
vertebrates, 3-hydroxy-retinal in flies13) and formation of
the activated metarhodopsin state. In vertebrates, all-trans
retinal subsequently dissociates and must be re-isomerized
through a lengthy and time-consuming enzymatic pathway
that dictates the time course of dark adaptation following
bleaching illumination (~30 min for rods). Invertebrate
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Figure 1 Photoreceptor responses. The physiological analysis of phototransduction
in Drosophila was revolutionized 10 years ago by the development of a preparation
allowing whole-cell patch-clamp analysis of the light-sensitive current86,87.
a, Voltage-clamped responses to brief, dim light flashes containing on average less
than a single effective photon elicit discrete quantized inward currents, known as
quantum bumps. b, With longer-duration (1 s) flashes of increasing intensity, the
bumps fuse to form a noisy inward current. At higher intensities, light adaptation is
manifested as a rapid transition from a peak, which can reach values in excess of
20 nA, to a steady-state plateau of ~500 pA. c, Comparison of quantum-bump
kinetics in toad rod outer segments (data from ref. 88, courtesy T. D. Lamb) and
Drosophila recorded at 21 C (note the different timescales).

metarhodopsin is usually thermostable, and can be directly re-isomerized back to rhodopsin by absorption of longer wavelength light.
Fly eyes are red because the retinal screening pigments are transparent to long wavelengths: this represents a particularly
economic strategy, allowing metarhodopsin to be constantly reconverted back to rhodopsin by ambient light filtering diffusely through
the eye tissue14.

Invertebrates use the phosphoinositide pathway
In vertebrate rods, the heterotrimeric G protein transducin activates
a phosphodiesterase (PDE) resulting in hydrolysis of guanosine
3,5-cyclic monophosphate (cGMP) and closure of the transduction channels (Box 1). In Drosophila, as in most invertebrates,
rhodopsin activates a distinct G-protein isoform, Gq, which activates,
instead of PDE, a phospholipase C isoform (PLC4, encoded by the
norpA gene). This leads to opening of two classes of Ca2+-permeable
light-sensitive channels: transient receptor potential (TRP) and
TRP-like (TRPL) channels15–17. PLC is well known as the effector
enzyme of the phosphoinositide pathway (Box 1), generating soluble
NATURE | VOL 413 | 13 SEPTEMBER 2001 | www.nature.com

Figure 2 Photoreceptor structure. In Drosophila, as in most invertebrate
photoreceptors, the photoreceptive membrane is organized into tightly packed,
tubular microvilli, each 1–2 m long and ~60 nm in diameter, together forming a
100-m-long rhabdomere. At the base of the microvilli a system of submicrovillar
cisternae (SMC) have often been presumed to represent smooth endoplasmic
reticulum Ca2+ stores endowed with Ins(1,4,5)P3 receptors. However, the SMC may
have a more important role in phosphoinositide turnover. Vertebrate rod outer
segments (ROS) contain stacks of membranous discs (~1,000) and are connected to
the cell body by a narrow cilium. In both cases the overall structure serves to
maximize absorption of light by forming a cylindrical light-guiding structure with a
high density of rhodopsin-containing membrane. Inset shows electron micrograph of
one rhabdomere (courtesy of A. Polyanovsky; scale bar, 1 m).

inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) and membrane-bound
diacyl glycerol (DAG) from hydrolysis of the minor membrane phospholipid phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2).
With numerous mutants in over 20 cloned genes, Drosophila phototransduction represents the best genetic model of this ubiquitous
‘Ca2+-signalling’ pathway among higher eukaryotes.
Evidence for a lipid messenger of excitation

The essential role of PLC is undisputed, but the downstream events
leading to gating of the transduction channels are controversial — a
situation that will be familiar to those attempting to understand the
analogous process of PLC-regulated Ca2+ influx in many other
cells18. Release of Ca2+ from Ins(1,4,5)P3-sensitive stores is believed
to be an essential step in photoreceptors of some invertebrates, such
as Limulus19, but apparently not in Drosophila as phototransduction
is unaffected in mutants of the only Ins(1,4,5)P3-receptor gene in the
genome20,21. This has redirected attention to membrane-delimited
consequences of PLC activity, namely, generation of DAG or the
reduction in PtdIns(4,5)P2 levels. DAG is best known as an activator
of protein kinase C (PKC), but mutants in an eye-specific PKC have
defects only in response inactivation and adaptation, leaving excitation unaffected22,23. DAG also is a potential substrate for DAG lipase,
leading to release of polyunsaturated fatty acids (PUFAs) such as
arachidonic acid. Application of PUFAs activates TRP and TRPL
channels in situ and recombinant TRPL channels can be activated by
both PUFAs24 and by DAG itself25.
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Phototransduction in cascades in vertebrate rods and Drosophila
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Independent evidence that DAG may be important in excitation
comes from a blind retinal degeneration mutant, rdgA. The rdgA gene
encodes DAG kinase (DGK)26, which controls DAG levels by
converting it to phosphatidic acid. TRP channels are constitutively
active in rdgA mutants and the resulting Ca2+ influx may trigger the
degeneration, as this is rescued in rdgA;trp double mutants27. The
response to light is restored in these double mutants, but deactivates
abnormally slowly, which indicates that DGK is required for
response termination. The deactivation defect and constitutive
activity are consistent with a role for DAG in excitation. However,
DGK is also involved in synthesis of PtdIns(4,5)P2 (Box 1), so that
PtdIns(4,5)P2 levels and the kinetics of its recycling may also be
impaired in rdgA mutants. PtdIns(4,5)P2 regulates the activity of a
number of ion channels, including the Kir family of inward
rectifiers28 and the TRP-related vanilloid receptor29. Recombinant
TRPL-channel activity was recently reported to be suppressed by
application of PtdIns(4,5)P2 (ref. 25), whereas PtdIns(4,5)P2 depletion was shown to be correlated with activation of the photoreceptor
TRP channels in situ30. These findings indicate that reduction in
PtdIns(4,5)P2 should be considered as a potential mechanism of
channel gating.
Final resolution of the mechanism of excitation in Drosophila is
likely to require identification and characterization of ligandbinding sites on the channel molecules, analysis of light-induced
lipid metabolism, and identification and mutant analysis of any
further genes products required for activation. For example, a
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The encircled numbers in the figure above refer to the following steps
in the transduction cascades. (1) Photoisomerization. Rhodopsin (R)
is photoisomerized to metarhodopsin (M). Drosophila M is
thermostable, and can be reconverted to R by long-wavelength light;
vertebrate M releases the bound chromophore (all-trans retinal).
(2) GTP/GDP exchange. M catalyses exchange of GDP for GTP on
the heterotrimeric G protein (transducin in rods, Gq in Drosophila);
active GTP-bound -subunit dissociates. (3) Activation. G binds to
and activates the effector enzyme (PDE in rods, PLC in Drosophila).
In vertebrates, PDE hydrolyses cGMP to 5-GMP, leading to
closure of CNG channels. In Drosophila, PLC hydrolyses
PtdIns(4,5)P2 (PIP2) to DAG and Ins(1,4,5)P3. DAG is also a potential
substrate for DAG lipase, leading to the release of PUFAs. Two

188

PIP2
DAG
DGK
rdgA
InsP3

RK
P

Arr P

P

classes of channel (TRP and TRPL) are activated by an unknown
mechanism.(4) Substrate resynthesis. In vertebrates, cGMP is
resynthesized by guanylate cyclase (GC) and GC-activating protein
(GCAP), which is inhibited by Ca2+. In Drosophila, DAG is
converted to phosphatidic acid (PA) by DAG kinase (DGK). PA is
converted to PtdIns(4,5)P2 by a multienzymatic pathway.
(5) Metarhodopsin inactivation. M is phosphorylated by rhodopsin
kinase (RK) and capped by arrestin. RK is inhibited by recoverin in
presence of Ca2+ (vertebrates only). (6) Inactivation of G protein and
effector. Effector enzyme and G are inactivated by the GTPase
activity of the G protein, leading to reassociation with G.
Accelerated by the GAP activity of RGS9/G5 and PDE (rods) and
PLC (Drosophila).

mutation of a completely novel protein (INAF) has recently been
shown to mimic aspects of the trp phenotype, suggesting it may be
required for TRP activation31.
Possible phosphoinositide signalling in vertebrate rods

Surprisingly, vertebrate photoreceptors also express a PLC4
isoform, which is more closely related to Drosophila norpA than it is
to other vertebrate PLC isoforms, perhaps indicative of a common
ancestral photoreceptor in the distant evolutionary past32. Its
function is unknown, but there are reports of light-induced
phosphoinositide metabolism in rods, and PtdIns(4,5)P2 has
recently been shown to inhibit the rod cyclic nucleotide-gated
(CNG) channels and stimulate PDE33.

Response termination
In any transduction cascade it is essential that each component be
efficiently inactivated. Failure to do so, for example in specific
mutants, results in long-lasting responses, compromising temporal
resolution34. A common theme in G-protein signalling is that the
receptor is inactivated by binding to arrestin (Box 1). In vertebrate
rods, metarhodopsin must also first be multiply phosphorylated by
rhodopsin kinase, and elimination of the responsible serine residues
has shown these are required for reliable and rapid deactivation35,36.
The carboxy terminal of Drosophila metarhodopsin is similarly
phosphorylated, but the function is obscure as mutants lacking the
phosphorylation sites show normal response kinetics37; arrestin
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Most closely related to Drosophila trp.
Seven mammalian isoforms (TRPC1-7).
Activated downstream of PLC. Short N
termini with three ank repeats.

Five mammalian isoforms, including VR1
(TRPV1) involved in thermal nociception (see
review in this issue by Julius and Basbaum).
Often gated directly by chemical or physical
stimuli. Between two and four ank repeats;
lack of proline-rich region after S6.

Eight mammalian isoforms,
including melastatin (TRPM1). Long
N termini lack ank repeats. TPRM2
96
(ref. 95) and TRPM7 (TRP-PLIK)
harbour enzymatic domains in their
C termini.

TRP-related ion channels are one of the most recently discovered
ion-channel families with ~20 mammalian isoforms. Many are
involved in sensory transduction not only in vision, but also in
olfaction, pain, and mechano- and osmosensation (see reviews in this
issue by Gillespie and Walker, Julius and Basbaum, and Firestein).
More generally, they are responsible for a wide range of Ca2+- and
cation-influx pathways. TRP-related ion channels are divided into at
least three subfamilies — TRPC (formerly STRP), TRPV (or OTRP)
and TRPM (or LTRP)52,53; see figure above. The basic topology of
TRPs, usually with six transmembrane domains (S1–6), is typical of
the superfamily of voltage-gated and CNG channels. By analogy with

voltage-gated K+ channels and CNG channels, TRPs are presumed
to form subunits of tetrameric channels. The most conserved features
of the TRP family include the N terminus, which contains multiple
ankyrin repeats (absent in TRPMs), and a ~50-residue ‘TRP domain’
followed by a proline-rich domain (P) just after the last
transmembrane helix. Several TRPCs, including dTRP90, dTRPL92
and TRPC393, and at least one TRPV (CaT-L)94 contain one or more
CaM-binding sites (CBS) in the C terminus, which have been
implicated in Ca2+-dependent inactivation. In general, however, the
C-terminal regions show little sequence similarity, consistent with the
functional diversity of the family.

binding is, however, essential to quench metarhodopsin activity38,39.
Activity of G protein and effector enzyme is terminated by the
GTPase activity of the G protein. But the intrinsic GTPase activity is
too slow to account for the rapid response termination, and it is now
clear that binding to the effector enzyme itself (PDE in rods, PLC in
flies) is required to accelerate GTP hydrolysis40. This requirement has
an elegant logic in that the G protein will not be inactivated until it has
first encountered and activated its downstream effector. In vertebrate
rods, additional binding of a specific GTPase-activating protein
(GAP), regulator of G-protein signalling 9 (RGS9; complexed with
G5), is also required41. Whether RGS proteins have similar roles in
Drosophila photoreceptors is unknown. The final inactivation step
involves the channels: in vertebrates these must be re-opened by
synthesis of cGMP by particulate guanylate cyclase. Control of this
enzyme by Ca2+-dependent feedback acting through a small
Ca2+-binding protein, guanylate cyclase activating protein (GCAP),
is one of the main mechanisms of light adaptation10.

vertebrate phototransduction42. When cloned, the -subunit of the
rod CNG channel defined a new family, with six mammalian
isoforms, within the superfamily of voltage-gated ion channels
possessing six transmembrane domains and a cGMP-binding site43.
Related CNG channels are found in a variety of neuronal and nonneuronal tissue, including distinct isoforms in cones and the
transduction channels in olfactory receptors (see review in this issue
by Firestein, pages 211–218). The native rod channel is a heteromultimer with a -subunit, notable for a glutamate acid-rich protein
(GARP) sequence in the cytoplasmic tail and a calmodulin
(CaM)-binding domain responsible for modulating the affinity of
the channel for cGMP during light adaptation44.
An unusual property of the photoreceptor CNG channels is a tiny
single-channel conductance (~100 fS), due to a voltage-dependent
divalent ion block. This may improve signal-to-noise ratio by
allowing a much larger number of channels (~10,000) to be simultaneously active than would otherwise be possible45. But perhaps the
most significant functional property of the CNG channels is their
high Ca2+ permeability. Ca2+ levels in rods and cones are controlled
dynamically by the balance between Ca2+ influx through the CNG
channels and Ca2+ extrusion by the Na+/Ca2+/K+ exchanger. As the
channels close in response to light, Ca2+ continues to be extruded and
the resulting reduction is the essential feedback signal facilitating
response termination and mediating light adaptation10,46 (Box 1).

Transduction channels
The transduction channels have a central role in both vertebrates and
invertebrates. In addition to mediating the electrical response, they
are highly permeable to Ca2+, which is a key mediator of response termination and adaptation. When first cloned, these channels were
found to define new classes of ion channel and their detailed analysis
have provided essential clues to the mechanism of transduction.

Drosophila TRP channels
Vertebrate CNG channels

The discovery that the transduction channels of vertebrate rods were
gated by cGMP in inside-out patches was the clinching argument in
the long-running debate over the identity of the second messenger in
NATURE | VOL 413 | 13 SEPTEMBER 2001 | www.nature.com

In contrast to vertebrate rods, which contain only one functional
class of transduction channel, Drosophila photoreceptors express at
least two distinct channels encoded by up to three genes. The trp gene
is required for the main component of the light-sensitive
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conductance, which, in vivo, has a high Ca2+ selectivity (PCa:PNa >
100:1)47–49. A second conductance is mediated by a non-selective
cation channel encoded by a homologous gene, trpl17,50, possibly in
heteromultimeric combination with a third recently discovered
homologue, trp-51. The predicted sequences of trp, trpl and trp-
have six transmembrane -helices, representing putative subunits of
multimeric channels, and define a new class of channel, again within
the same superfamily of voltage-gated and CNG channels. The
extended TRP family (Box 2) includes an eclectic collection of ion
channels. Those most closely related to Drosophila TRP also seem to
be activated by PLC pathways; others include several other candidate
sensory-transduction channels (see refs 52, 53, and reviews in this
issue by Julius and Basbaum, pages 203–210, Gillespie and Walker,
pages 194–202, and Firestein, pages 211–218).
Although only distantly related, some intriguing functional similarities between Drosophila TRP and rod CNG channels may reflect
convergent roles in phototransduction. TRP channels are highly Ca2+
permeable, and Ca2+ influx via TRP channels mediates amplification,
rapid response termination and light adaptation through multiple
feedback targets34,54. The Ca2+ influx has also been implicated recently
in regulating PtdIns(4,5)P2 metabolism by inhibiting PLC and facilitating PtdIns(4,5)P2 recycling30. As in CNG channels, TRP and TRPL
harbour one and two CaM-binding sites, respectively; at least in
TRPL, these seem to be involved in Ca2+-dependent inactivation of
the channel55. Like CNG channels, TRP is also subject to a
voltage-dependent divalent ion block, but with a subtly different
functional outcome: the block intensifies as the cell depolarizes over
the physiological range of voltages (–70 to 0 mV) and would seem to
represent an elegant and economic mechanism for reducing gain
during light adaptation56.

Table 1 Approximate stoichiometry of components of signalling cascades
R

G
protein

Effector
(PDE/PLC)

Channel
(CNG/TRP)

Channels
per bump*

Max
current (pA)

Vertebrate rod 1

1/10

1/100

1/1000†

250

10–50

Drosophila

1/10

1/10

1/40‡

15

>20,000§

1

Approximate stoichiometry of the main components of the cascades expressed as mole
fraction of rhodopsin (R; ~105 molecules per disc, and 103 molecules per microvillus)63,84.
Drosophila’s strategy requires each of the 30,000 microvilli to have a high density of G protein
and PLC and sufficient channels to generate a quantum bump. The maximum light-induced
current is about 1,000-times greater than in rods. Although the steady-state current during light
adaptation is a more modest 500 pA, this is still ten-times greater than the maximum dark
current found in vertebrates. Because ion fluxes are usually the largest drain on a nerve cell’s
energy budget91, Drosophila’s strategy is likely to be expensive.
*Mean bump amplitude divided by single-channel current.
†A maximum of only ~2% are open at one time.
‡Assumes four TRP proteins per channel.
§Minimum estimate; maximum currents are too large to be voltage-clamped accurately.

The diffusional model has been an influential concept of intracellular signalling. But just how general is the concept of randomly
interacting proteins as a principle of signal transduction? Increasing
evidence indicates that receptors, enzymes and channels may,
instead, often be organized into multimolecular signalling complexes59. By assembling elements in specific subcellular localizations,
these could promote speed, specificity and reproducibility of
response. Such complexes are often organized around ‘scaffolding’
proteins containing one or more ‘PDZ’ domains. Named after PSD95 (postsynaptic density protein), Drosophila discs large (dlg), and
the tight-junction protein ZO-1, PDZ domains are protein modules
of about 90 amino acids that bind to a variety of target proteins by
means of specific target sequences, such as an S/T-X-V/I motif in the
final three amino acids of the C terminus60.
The INAD complex

Diffusion versus signalling complexes

Several key elements of the Drosophila phototransduction cascade are
now thought to be assembled into a multimolecular complex by a
scaffolding protein, INAD, with a total of five PDZ domains (Fig. 3).
Analysis of this complex, dubbed ‘transducisome’61 or ‘signalplex’62,
provides the best example of how a PDZ-domain protein organizes a
complex signalling cascade. Three key components of the cascade —
the TRP channel, PLC and an eye-specific PKC required for response
termination and light adaptation — form the core of a macromolecular complex by binding to individual PDZ domains on INAD61,63,64.
INAD is required for the correct microvillar localization of all these
components. PKC and PLC require INAD for correct targeting and
seem to be pre-assembled with it before being transported to the rhabdomere65. By contrast, TRP and INAD are initially correctly targeted to
the microvilli in each other’s absence, but become delocalized with age,
indicating a reciprocal requirement for long-term retention64,65. As the

Amplification in vertebrate rods is believed to rely upon sequential,
stochastic diffusional encounters. Rhodopsin first activates several
hundred transducin molecules during a random walk in the disc
membrane; activated transducin -subunits then immediately start
binding to and activating PDE molecules, again by diffusional
encounters. The catalytic power of PDE is among the highest known
of any enzyme, and is effectively limited only by the diffusional access
of cGMP57. The high density of rhodopsin in the disc membrane
(essential to maximize absorption of light) actually hinders its own
diffusion. Correspondingly, when rhodopsin concentration is
halved in hemizygote Rh–/+-knockout mice, the kinetics of both
excitation and deactivation are accelerated about twofold, in
agreement with the predicted enhanced mobility of the more
sparsely distributed rhodopsin58.

Figure 3 The INAD signalling complex. The INAD
protein contains five PDZ domains (1–5) joined by short
linker regions. Each PDZ domain associates
preferentially with different targets61,63,66,89,90. The
precise composition of the native complex is uncertain,
as some PDZ domains are reported to bind at least two
different targets. There are also several possibilities for
multimerization, for example by homophilic interactions
between INAD (PDZ domains 3 and 4)66, or by
involvement of up to four TRP subunits and linkage of
two INAD molecules via PLC, which binds both PDZ1
and PDZ568. In the model shown here, two INAD
complexes are shown bound both by two TRP subunits
and by their PDZ3 domains, whereas PLC is shown
linking PDZ1 and PDZ5 of the same INAD molecule.
Calmodulin (CaM) binds to the linker region between
PDZ1 and PDZ266. The Gq -subunit acts as a diffusible
shuttle between activated rhodopsin and the complex.
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only transmembrane protein in the complex, TRP may be required for
anchoring to the membrane. Importantly, INAD probably also
determines the stoichiometry of the transduction machinery, as quantitative western-blot analysis indicates that PKC, PLC, INAD and TRP
are expressed in approximately equal numbers63 (Table 1).
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Four further elements, namely the second transduction channel
TRPL, CaM, rhodopsin and the NINAC protein (a myosin III potentially linking the complex to the cytoskeleton), also bind to INAD,
although none of these proteins seem to require interaction with
INAD for microvillar localization66,67. Finally, INAD multimerizes in
vitro through homophilic PDZ interactions; together with the TRP
protein, which also forms multimers, this might give rise to an
extended web of INAD complexes (‘signalplex’)66.
What is the significance of this complex molecular architecture?
INAD seems essential for correct microvillar localization and probably the stoichiometric relation of transduction molecules. But it is
unclear whether this alone is sufficient for normal transduction or
whether specific protein–protein interactions within the complex
are also crucial. With respect to TRP, presence of the channels alone
may be sufficient, as young flies expressing a mutant TRP construct
incapable of binding to INAD show no obvious response defects,
developing a phenotype only when the TRP protein becomes
delocalized with age64.
There are some indications that INAD’s role might be more direct
and possibly more dynamic than simply being required for appropriate subcellular localization. First, INAD has more reported protein
partners than PDZ domains67, raising the possibility of dynamic
competition for binding sites. Second, PLC is reported to bind to two
different PDZ domains on INAD by distinct binding sites, one of
which overlaps with the G-protein-binding domain, raising the
possibility that PLC activation may be regulated by the PDZ interaction68. Third, both TRP and INAD can be phosphorylated by PKC,
another integral member of the complex. Clearly, direct juxtaposition of kinase and substrate is likely to promote rapid and efficient
phosphorylation, and also raises the possibility that PDZ–target
interactions could be regulated by phosphorylation69,70.
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Although diffusional encounters probably underlie the rate-limiting
steps of activation and inactivation in vertebrate phototransduction58, recent studies have indicated that multimolecular complexes
may also be important. First, the active state of PDE, itself bound in a
complex with Gt, is deactivated by binding to another complex
comprising RGS9 and G5, which together with the PDE -subunit
confer the necessary GAP activity for GTP hydrolysis71. Second, the
rod CNG channels seem to be part of a complex including the
Na+/Ca2+/K+ exchanger, which binds to the CNG -subunit72, and the
disc-rim protein, peripherin, which associates with the GARP
domain of the CNG -subunit (R. S. Molday, personal communication). Soluble GARP proteins may also be part of the complex, and
have been reported to associate with the light-activated state of PDE,
the interaction causing up to fivefold inhibition of PDE73. Possible
roles for this complex, which is found only in rods but not in cones,
include spatial localization of Ca2+ transients, anchoring and spacing
of the discs, and downregulation of cGMP turnover during daylight
when rod function is saturated.

A molecular strategy for transduction in Drosophila
Figure 4 A model of bump generation in Drosophila. a, Approximately 20 ms after
absorption of a photon, metarhodopsin (M) has activated at least one G protein, which
in turn has activated PLC, generating a membrane-delimited second messenger (this
could be DAG, PUFA or reduction in PtdIns(4,5)P2) indicated in red. Threshold for
activation of one channel is reached, whereas channels further from PLC ‘see’ only
subthreshold amounts. b, But Ca2+ influx rapidly raises [Ca2+] in the microvillus, and
sensitizes the remaining channels, possibly by increasing affinity for the putative
second messenger; this positive feedback generates the abrupt rising phase of the
bump. c, Ca2+ floods the whole microvillus (>200 M), leading to rapid inactivation
and a refractory period. d, Ca2+ is returned to resting levels (~150 nM) within
~100 ms. M, G and PLC are deactivated and PtdIns(4,5)P2 resynthesized during
this refractory period. See text for further details.
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How does the molecular and cellular organization of the Drosophila
photoreceptor achieve the impressive combination of amplification,
rapid response kinetics and adaptational capacity, which sets it apart
from the vertebrate rod? Analysis of quantum bumps suggests a
fundamentally different strategy. In rods, bumps arise with almost
negligible latency but a relatively slow rise time, which can be
accurately modelled by a diffusion-limited amplification scheme74.
By contrast, in Drosophila there is a finite, although variable latency,
following which the bump rises and falls abruptly (Fig. 1). Several
lines of evidence indicate that this reflects a mechanism more akin to
an action potential, involving a threshold, positive and negative
feedback by Ca2+, and a refractory period75. A key finding is that in
mutants where PLC levels are reduced, bump latency can be
increased markedly (to ~1 min), whereas bump amplitude is
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unaffected76,77. This implies that all amplification is mediated
downstream of PLC, that latency is determined by events up to and
including PLC, and that a single G protein and PLC may be sufficient
to generate a bump. Although not absolutely essential for the
following model (Fig. 4), we also assume that excitation is restricted
to one microvillus.
Latency

Bump latency, which can be as short as 20 ms, represents the time
taken to activate PLC and generate a sufficient quantity of second
messenger to activate the first channel. In contrast to rods, rhodopsin
in microvillar photoreceptors is essentially non-diffusible. Because
INAD complexes are also likely to have restricted mobility, it seems
that Gq, which forms transient interactions with the complex by
binding to PLC78, must act as a diffusible shuttle between rhodopsin
and the complexes78,79. Factors that promote a short latency probably
include: (1) the need to activate at most a few G proteins, which,
together with the high concentration of rhodopsin and PLC in the
microvillus, minimizes diffusional delays; (2) the close proximity of
channels to PLC; and (3) a high enzymatic activity of PLC30.
Ca2+ mediates positive feedback

Threshold is reached when the first channels start to open, resulting in
Ca2+ influx into the microvillus. Because of its restricted volume, Ca2+
rises almost instantaneously throughout the microvillus, initiating
rapid positive and negative feedback. Within 10–20 ms of the first
channel opening, activation is maximal with ~15 TRP channels open
at the peak of the bump12. This may represent activation of most of the
channels in the microvillus — in essence a regenerative ‘all-or-none’
event. Positive feedback is a unique feature of invertebrate phototransduction, and is evident from the profound (tenfold) reduction in
bump amplitude in the absence of external Ca2+ (ref. 12).
Termination and refractory period

The microvillus is now flooded with Ca2+ in excess of 200 M (ref. 80).
This results in rapid, complete Ca2+-dependent inactivation of the
channels. PKC, which is activated by Ca2+ and DAG, has been implicated in this behaviour, as quantum bumps in mutants lacking PKC
show severe defects in termination23. Perhaps the close proximity of
TRP and PKC within the INAD complex allows rapid phosphorylation of the channel, making it amenable to Ca2+-dependent inactivation. It seems likely that the exceptionally high Ca2+ levels also render
the microvillus temporarily refractory to further stimulation, until
after Ca2+ is removed — within ~100 ms in the dark and more quickly
when light adapted80. A particular advantage of such a refractory
period may be to allow the ‘off ’ kinetics to be determined by the rapid
Ca2+-dependent inactivation. Potentially slower biochemical events
(such as arrestin binding, GTPase activity and PtdIns(4,5)P2 resynthesis) need not then be rate limiting as long as they are completed
within the refractory period. Support for a refractory period comes
from paired flash experiments11 and observation of quantum bumps
in mutants where rhodopsin fails to inactivate. In vertebrates, bumps
in such mutants simply fail to terminate and last for several seconds35.
But in Drosophila mutants, a single photon absorption induces a train
of normal shaped bumps separated by ~100–200 ms (ref. 55),
presumably representing the refractory period.
From single quanta to sunlight

How can Drosophila photoreceptors respond over the wide range of
environmental intensities? The answer may lie in the localization of
excitation to single microvilli and the short refractory period. Even
during light adaptation, noise analysis indicates that the response can
be accounted for largely by the linear summation of bumps; these
become smaller and faster with increasing background adaptation,
owing to negative feedback from raised steady-state Ca2+ levels6,8,81.
With ~30,000 microvilli, each of which can be recycled at least every
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100 ms, this should allow the photoreceptors to handle photon fluxes
in excess of 300,000 s–1, as observed experimentally7,8. If this is not
enough, flies possess one additional adaptation. In every photoreceptor there are tiny pigment granules, ~0.2 m in diameter; in
response to the light-induced rise in Ca2+ they migrate towards the
base of the rhabdomere82 where they attenuate the light flux by up to
two orders of magnitude, preventing saturation under even the
brightest daylight intensities7,83.

Conclusions and perspectives
An important challenge of the postgenomic era is to understand how
defined molecular components interact to generate a physiological
output. The precision with which stimuli can be controlled, and
responses measured, has always made photoreceptors preferred systems for pursuit of this goal. Indeed, excitation kinetics in vertebrate
rods were modelled successfully from the properties of identified
molecular components some 10 years ago84. But before such a quantitative account can be attempted for phototransduction in
Drosophila, outstanding questions still need to be addressed. The
most urgent is the mechanism of activation of the transduction
channels. The final response of the cell is orchestrated by rapid and
complex Ca2+-dependent feedback within the context of the
supramolecular organization coordinated by INAD molecules. Even
though this is the best example of such an organized signalling cascade, the detailed architecture and functional significance of these
complexes, as well as the molecular mechanisms of Ca2+-feedback
regulation, still remain controversial.
How many genes are required to mediate phototransduction?
Most of the genes known to be important in Drosophila were isolated
by screening for viable mutants, so that any lethal mutations may
have been overlooked. In addition, it has been estimated that twothirds of all genes in Drosophila when mutated will have no phenotype85. With the recent completion of the Drosophila genome project
and the development of a new generation of functional genomic
tools, the prospect of identifying these remaining molecules is greatly
improved. Together with the unique experimental accessibility of the
retina, this should guarantee many exciting findings in the coming
years, not only in phototransduction, but also in the cell biology of
calcium signalling, lipid messengers and neuronal degeneration. ■
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