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SUMMARY

The INAD scaffold organizes a multiprotein
complex that is essential for proper visual sig-
naling in Drosophila photoreceptor cells. Here
we show that one of the INAD PDZ domains
(PDZ5) exists in a redox-dependent equilibrium
between two conformations—a reduced form
that is similar to the structure of other PDZ
domains, and an oxidized form in which the
ligand-binding site is distorted through forma-
tion of a strong intramolecular disulfide bond.
We demonstrate transient light-dependent for-
mation of this disulfide bond in vivo and find
that transgenic flies expressing a mutant INAD
in which PDZ5 is locked in the reduced state
display severe defects in termination of visual
responses and visually mediated reflex behav-
ior. These studies demonstrate a conforma-
tional switch mechanism for PDZ domain func-
tion and suggest that INAD behaves more like
a dynamic machine rather than a passive scaf-
fold, regulating signal transduction at the milli-
second timescale through cycles of conforma-
tional change.

INTRODUCTION

Proper subcellular localization of signal transduction
proteins is critical for cellular information processing. One
primary mechanism for localizing components is the use
of scaffolding molecules—proteins that serve to bind
and preorganize multiple members of a signaling path-
way into macromolecular complexes (Bhattacharyya et al.,
2006b). The importance of scaffolding has been demon-
strated in several types of signaling pathways from di-
verse organisms (Morrison and Davis, 2003; Schoch

80 Cell 731, 80-92, October 5, 2007 ©2007 Elsevier Inc.

et al., 2002; Wong and Scott, 2004), highlighting the gen-
erality of this mechanism in biology. By concentrating
appropriate signaling proteins to local environments
within cells, and thereby minimizing unwanted interac-
tions, scaffolds are thought to optimize signaling efficiency,
speed, and specificity.

Inactivation, no after-potential D (INAD), a Drosophila
visual protein, has served as a prototypical model system
for understanding scaffolding (Huber, 2001; Montell,
2005; Tsunoda and Zuker, 1999). Figure 1A shows a sum-
mary of the reactions organized by INAD. Visual transduc-
tion in Drosophila photoreceptor neurons takes place in
a specialized organelle called the rhabdomere, a stack
of roughly 30,000 microvilli within which INAD assembles
several signaling proteins into a specific macromolecular
complex (Hardie and Raghu, 2001). Signaling begins
with the absorption of a photon of light by the G protein-
coupled receptor rhodopsin and then proceeds via
sequential activation of a Gq isoform of heterotrimeric G
protein and a phospholipase C (the NORPA PLC-f) mole-
cule to ultimately trigger the opening of cation-selective
Transient Receptor Potential (TRP) channels in the mi-
crovillar membrane. Ca2* influx then triggers both posi-
tive and negative feedback regulation that is essential for
the extraordinary speed and sensitivity of invertebrate vi-
sion (Henderson et al., 2000; Ranganathan et al., 1991).
The mechanism of Ca2*-dependent positive feedback is
yet unclear, but the negative feedback operates in part
through activation of an eye-specific isoform of protein
kinase C (eye-PKC) (Ranganathan et al., 1991; Smith
et al., 1991). This visual signaling pathway has served as
a general model system for G protein signaling; for exam-
ple, the core components of the pathway (rhodopsin, Gq,
PLC, PKC, and TRP) are now known to mediate various
biological processes in organisms ranging from flies to
mammals.

INAD plays an essential role in both activation and ter-
mination of the electrical response to light (Scott and
Zuker, 1998; Shieh and Zhu, 1996; Tsunoda et al., 1997).
INAD is a concatamer of five Post-synaptic density 95,
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Figure 1. Scaffolding in Drosophila Vision

(A) Scaffolding in Drosophila vision. Photon absorption by rhodopsin (1) sequentially activates Gqa. (2), PLC-B (3), and TRP cation channels (4).
Calcium influx (5) activates an eye-specific kinase (eye-PKC, 6) which phosphorylates the TRP channel (7) and the INAD scaffold (in red, 8). Through
its PDZ domains, INAD assembles a core macromolecular complex involving PLC-B, TRP, and eye-PKC.

(B) Structural overlay of three previously characterized PDZ domains (PDB codes 1BE9, 1G90, and 2F5Y).

(C) The atomic structure of PDZ5 shows overall similarity in the B sheets, but significant conformational changes in both « helices (see Figure S1 for
quantitation). Examination of the 2F, — F. electron density at 1o indicates the presence of a disulfide bond between cysteines 606 and 645.

(D) Sequence alignment of the PDZ domains shown. The color code corresponds to the structures in (B) and (C); the positions of the two cysteines are

highlighted in the alignment.

Discs Large, Zona Occludens 1 (PDZ) domains, a diverse
and nearly ubiquitous family of protein interaction mod-
ules that bind the C-terminal residues of target proteins
(Hung and Sheng, 2002). Through PDZ-mediated interac-
tions, INAD assembles a core complex involving at least
three proteins: the NORPA PLC-8 (the main effector mol-
ecule for rhodopsin-mediated signaling), the TRP channel
(the main mechanism of membrane depolarization and
Ca?* entry), and eye-PKC (the primary effector for Ca2*-
dependent negative feedback regulation) (Figure 1A)
(Chevesich et al., 1997; Huber et al., 1996; Shieh et al.,
1997; Tsunoda et al., 1997). The scaffolding of PLC-§ to
the INAD complex is critical for maintaining the high effi-
ciency and speed of visual signaling (Scott and Zuker,
1998), and scaffolding of eye-PKC directs feedback phos-
phorylation reactions within the complex that are required

for fast response termination (Henderson et al., 2000;
Popescu et al., 2006).

Like INAD, many scaffolding proteins colocalize activa-
tion and feedback regulation processes, allowing for tight
spatial and temporal control over signaling events (Bau-
man et al., 2006; Bhattacharyya et al., 2006a). This raises
the possibility that conformational changes in scaffold-
ing proteins during signaling events might represent one
mechanism for dynamically modulating output responses.
Here, we present crystallographic and functional evidence
that the fifth PDZ domain of INAD undergoes a redox-
dependent conformational switch that dramatically reor-
ganizes the binding pocket. Light stimulation triggers
this conformational switch in vivo, and physiological anal-
ysis shows that the switch is critical for shaping the vi-
sual response. These results demonstrate that INAD is
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a dynamic scaffold, actively participating on the timescale
of visual signaling through cycles of stimulus-dependent
conformational change.

RESULTS

Structural Analysis of INAD PDZ5

As part of an overall study to structurally characterize
INAD, we screened many constructs containing individual
and multiple PDZ domains for expression and crystalliza-
tion. Well-diffracting crystals of INAD PDZ5 (residues 580—
665, hereafter called PDZ5) grew in space group P44242
with two molecules per asymmetric unit (ASU). The struc-
ture was solved by multiple isomorphous replacement
with anomalous scattering (MIRAS) and was refined to
2.05 A resolution (R=22.4%, R = 24.2%) with excellent
stereochemistry (see Table S1 in the Supplemental Data
available with this article online). PDZ domains are 90-
100 amino acid modules that adopt a six-stranded 8 sand-
wich configuration with two flanking a. helices (Figure 1B).
Target C-terminal ligands bind in a surface groove formed
between the B2 strand and o2 helix and make a number of
interactions that determine both general and sequence-
specific recognition (Doyle et al., 1996; Hung and Sheng,
2002). Both the overall three-dimensional (3D) structure
and most details of ligand recognition are highly con-
served in the family despite considerable sequence di-
vergence (Figures 1B and 1D). Comparison of PDZ5 with
several other PDZ structures revealed that, as expected,
this domain shares the basic topology and core archi-
tecture of the PDZ family (Figure 1C). However, there are
two major structural differences that make PDZ5 unique:
(1) the a1 helix is rotated nearly 70° relative to its position
in other known PDZ structures, and (2) the «2 helix
is unwound at its C-terminal end and displaced toward
the B2 and B3 strands, leaving only a short stretch of heli-
cal structure at the entry to the ligand binding pocket.
Because residues in o2 comprise major determinants of
substrate recognition (Doyle et al., 1996; Hung and Sheng,
2002), this conformation of PDZ5 is inconsistent with the
canonical mode of peptide binding in PDZ domains (see
below).

An obvious hypothesis for explaining the distortions in
the binding pocket is evident in the PDZ5 structure. An
intramolecular disulfide bond covalently links a pair of
buried cysteine residues located underneath the floor of
the ligand-binding pocket (residues 606 and 645, S-S
bond distance = 2.0 A, Figure 1C). The bond connects
the B3 strand with the o2 helix, suggesting that this in-
teraction may be responsible for the distortions in 2.
The analogous positions in other “normal” PDZ domains
contain side chains that pack against each other within
the core (Figures 1B and 1D), suggesting that the two
cysteines in PDZ5 may be positioned at such high effec-
tive concentration that a very stable covalent interaction
is possible. To examine this, we measured the standard
redox potential of the disulfide bond in PDZ5 (Figure 2A).
Cysteine reactivity of recombinant PDZ5 protein is probed
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with a maleimide derivative (AMS, see Experimental Pro-
cedures) that specifically labels free thiol groups, adding
approximately 500 Da per thiol. Thus, the fraction reacting
with AMS indicates the fraction of protein in the reduced
state. PDZ5 shows no reactivity when incubated in buffer
containing no reductant; this is the expected outcome if all
PDZ5 molecules are in the oxidized state. However, equil-
ibration with increasing concentrations of the reductant
dithiothreitol (DTT) causes the protein to shift steadily to
the reduced state. From these data, we calculate a stan-
dard redox potential of —425 + 2 mV for disulfide formation
in PDZ5 (Figure 2B), indicating that the bond is indeed
extremely strong. By comparison, the reducing potential
of the cytosolic environment of most cells is —230 to
—300 mV (Hanson et al., 2004; Hwang et al., 1995; Keese
et al., 1999; Ostergaard et al., 2004), providing an initial
hint that the PDZ5 disulfide may be present under physio-
logical conditions in vivo.

To structurally characterize the reduced state of PDZ5,
we recrystallized the protein in the presence of 10 mM
DTT—a condition under which we expect a reasonable
fraction of both reduced and oxidized species. Crystals
now grew in a different space group (P4322) with three
molecules per ASU. The structure was solved by seleno-
methionine multiwavelength anomalous dispersion (MAD)
methods, and refined to 2.2 A resolution (R = 20.6%,
Rfree = 23.1%, Table S2), without use of noncrystallo-
graphic symmetry restraints. Remarkably, we find that
each of the three molecules in the ASU represents a dis-
tinct structural state for PDZ5 (Figure 2C). One molecule
(blue, Figures 2C and 2D, S-S bond distance = 2.1 A)
is in the same oxidized state as in the original structure
and shows the same distortions in the a1 and a2 helices
described above. In contrast, the green molecule (Figures
2C and 2E, S-S distance = 3.8 A) is in the reduced state;
examination of the 2F, — F. electron density clearly shows
that the disulfide bond is broken. In the reduced state, the
a1 helix remains in the unusual rotated conformation, but
the structure of the a2 helix is returned to the canonical
form found in all PDZ domains (compare Figures 1B and
2E, and for quantitation, Table S4 and Figure S1). Like
the green molecule, the red molecule (Figures 2C and
2F, S-S distance = 3.7 ;Z\) is also in the reduced state but
shows an extra unexpected feature: the C-terminal region
of the neighboring blue protomer is coordinated within its
ligand-binding pocket. Most likely, this interaction is a con-
sequence of high local concentration of a terminal car-
boxylate-containing sequence rather than physiologically
meaningful, but it suggests that the reduced state of PDZ5
is capable of binding ligands at the same surface groove
as other PDZ domains.

A quantitative comparison of the different PDZ5 struc-
tures reveals that there are no significant differences be-
tween the oxidized and reduced states outside of the a2
helix (all atom rmsd for a2 = 2.16 A; for all other resi-
dues = 0.65 A). Even in the binding pocket, residues con-
tributed by the B2 strand (K590, L595, L597, S598, and
L599) are unaffected by the conformational switch, but
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Figure 2. A Structure of INAD PDZ5 under Reducing Conditions

(A) A cysteine reactivity assay using a small maleimide reagent (~500 Da added per free thiol) shows that PDZ5 titrates into a reduced form upon

incubation with the reducing agent dithiothreitol (DTT).

(B) A plot of the fraction reduced as a function of environmental redox potential is well fit by a two-state equilibrium model.

(C) The atomic structure of PDZ5 in 10 mM DTT reveals three molecules in the asymmetric unit, each of which is structurally distinct.

(D-F) (D)—(F) show each monomer with the corresponding electron density (2F, — F., contoured at 15) in the region of C606 and C645. One molecule is
in the oxidized state (D), one molecule is in the reduced state (E), and one molecule is in the reduced state with the C-terminal region of a neighboring

molecule in the putative binding pocket (F).

key specificity-determining residues from the 22 helix
(F642 and F649) adopt distinct conformations (Figure 3A).
The a2 positions in the reduced state are consistent with
known binding modes for PDZ domains (Doyle et al.,
1996; Hung and Sheng, 2002) (Table S4). Thus, PDZ5
can exist in equilibrium between two structural states—
an oxidized state in which the ligand-binding pocket is
specifically distorted through formation of the C606-
C645 disulfide bond, and a reduced state in which the
pocket is in the canonical geometry for all PDZ domains
(Table S4).

To independently test the idea that disulfide formation
is causally linked to the conformational changes, we per-
turbed the bond by a cysteine to serine mutation at posi-
tion 645. Crystals of PDZ5°%4%% grew in the absence of
DTT in space group P4332 with two molecules per ASU,
and the structure was solved by selenomethionine single
wavelength anomalous dispersion (SAD) methods and
refined to 1.55 A resolution (R = 24.8%, Ryree = 26.7%,

Table S3). The structure of PDZ5%%*%® is quantitatively
indistinguishable from that of the reduced state of PDZ5
(all-atom rmsd of 0.96 A, Figure 3B and Figure S1), indi-
cating that the disulfide bond is necessary to switch the
a2 helix into the distorted conformation. In addition,
PDZ5%%45S shows similar stability as the reduced form of
the wild-type protein (Figure S2C), consistent with the
model that the C645S mutation locks PDZ5 in the reduced
state without causing significant neomorphic effects.

Light-Dependent Dynamics of the PDZ5 Disulfide
In Vivo

To characterize the disulfide-mediated conformational
switch in vivo, we constructed transgenic flies expressing
either a wild-type copy of INAD or the C645S mutant under
the control of a photoreceptor-specific promoter in an
INAD null (inaD?) genetic background (yw;inaD?;PfinaD""]
and yw;inaD’PfinaD®®#%], hereafter called inaD"'" and
inaD®%%°S, respectively; details on the fly stocks used
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oxidized

Figure 3. A Two-State Model for INAD PDZ5

A detailed view of the binding pocket in oxidized and reduced states of INAD PDZ5 (A) and in the C645S mutant structure (B). Key specificity-deter-
mining residues (F642 and F649) on the =2 helix adopt significantly different conformations in the oxidized and reduced states; the C645S mutant is

effectively locked in the reduced state structure.

are presented in the Supplemental Experimental Proce-
dures). Transgenic lines showed normal expression levels
of both wild-type and C645S mutant INAD in vivo
(Figure S2A).

To assay for disulfide formation in vivo, we developed
a method modified from earlier work on monitoring thiol-
disulfide interconversions in bacteria (Leichert and Jakob,
2004). In short, dissected retinas were directly homoge-
nized into a 25% trichloroacetic acid solution to precipi-
tate all proteins and instantly capture their native redox
state, followed by a two-step maleimide reactivity assay
(Figure 4A). Under denaturing conditions, resolubilized
proteins are first reacted with a maleimide (AMS) to block
all free thiols, then subjected to disulfide reduction, and
finally reacted with a fluorescently labeled maleimide
(Cy3m). After 2D gel electrophoresis of total protein, Cy3
detection allows the specific visualization of disulfide bond-
containing proteins (Figures S3A-S3C).

We compared the pattern of Cy3-labeled proteins in
dark-reared and light-exposed flies. Light exposure in
wild-type animals causes the appearance of a series of
spots at a mobility of ~85 kDa and a pl range of 5-8
(Figures 4B and 4C, full gels are in Figure S4), parameters
consistent with a multiply phosphorylated INAD species
(Figure S3C). These spots are specifically missing in both
INAD null (Figure 4E) and inaD®®#® transgenic animals
(Figure 4F), are recovered in inaD"'" transgenic animals
(Figure 4G), and are recognized by an INAD-specific anti-
body (Figure S3C), strongly suggesting (1) that the spots
are indeed INAD, and (2) that the disulfide detected is
the C606-C645 interaction. Exposure of wild-type animals
to light followed by a half-hour of dark adaptation causes
the spots to disappear (Figure 4D), indicating that the
PDZ5 disulfide is transient—forming upon light expo-
sure and relaxing back to the reduced state when the
cell is returned to the dark. To independently confirm

84 Cell 131, 80-92, October 5, 2007 ©2007 Elsevier Inc.

these results, we directly monitored INAD’s mobility on
a nonreducing 1D gel, obtaining similar results and con-
firming that the disulfide bond is not intermolecular
(Figure S3D). Thus, INAD cycles between these two states
in vivo in response to light stimuli.

Mutant flies that lack the major rhodopsin of the com-
pound eye (ninaE'’”) show greatly reduced Cy3m label-
ing of INAD (Figure 4H) though total levels of INAD are
unaffected (Figure S2B), suggesting that PDZ5 disulfide
formation is dependent on activation of the phototrans-
duction cascade. (Residual labeling is expected due to
expression of minor rhodopsin isoforms [lakhine et al.,
2004].) The mechanism downstream of rhodopsin that
triggers this transition is yet unknown, but one obvious
hypothesis implicates eye-PKC, the component of the
INAD complex that mediates light-dependent feedback
regulation. Known substrates of eye-PKC include the
TRP channel and INAD itself (Matsumoto et al., 1999;
Popescu et al., 2006); thus, phosphorylation of INAD
could represent the signal by which light shifts the equi-
librium of the C606-C645 disulfide. Light exposure fails
to trigger proper formation of the INAD disulfide bond
in inaC?% mutants (Figure 4l) despite wild-type levels
of INAD (Figure S2B), providing an initial clue that eye-
PKC activity may control INAD conformational dynam-
ics. This result motivates a thorough mapping and char-
acterization of the multiple eye-PKC phosphorylation
sites on INAD.

A Light-Dependent Inactivation Defect

in inaD®¢%%° Cells

To understand the functional role of the PDZ5 disulfide
bond in vivo, we used whole-cell voltage clamp record-
ings in isolated wild-type and inaD®%**S mutant photore-
ceptor cells to measure their electrical responses to light.
Wild-type photoreceptors respond to single photons by
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producing transient all-or-nothing electrical responses
known as quantum bumps, which are thought to represent
the coordinated opening of TRP channels in an individual
microvillus and are summed to produce the macroscopic
response to brighter stimuli (Henderson et al., 2000).
Quantum bumps provide a sensitive measure of INAD
function; mutants that impair its ability to bind TRP, eye-
PKC, or PLC-B display severe defects in various bump
properties (Henderson et al., 2000; Scott and Zuker,
1998). Wild-type quantum bumps are ~10 pA in magni-
tude and occur with a variable time delay (or “latency”)
(Figure 5A) (Hardie and Raghu, 2001). In the recording
conditions used here, wild-type cells show a mean latency
of about 50 ms. PDZ5 function is critical for this fast
average response time; a point mutation in PDZ5 that
specifically abrogates the interaction of INAD with the
NORPA PLC-B (the inaD? allele [Tsunoda et al., 1997])
shows normal quantum bump shape and amplitude, but
a dramatically lengthened latency (Figure 5B) (Scott and
Zuker, 1998). These mutants are thus capable of pro-
ducing quantum bumps but are unable to organize them
in time to produce significant and fast macroscopic
responses. As expected, inaD"" photoreceptors show
normal quantum bumps (Figure 5C), consistent with full
rescue of this phenotype. Interestingly, we find that
inaD®®#%S mutants show entirely wild-type quantum bump
shape, latency, and amplitude (Figures 5D-5G). In ad-
dition, inaD®%**S mutants also show the same stimulus
threshold for quantum bump production as wild-type cells
(Figure 5H), indicating normal sensitivity to light. In short,
inaD®%4%S photoreceptors are completely normal in their
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Figure 4. INAD PDZ5 Disulfide Forma-
tion In Vivo
(A) Schematic for specific labeling of disulfide
bond-containing proteins. Free cysteines are
first blocked with the maleimide reagent
(AMS); any disulfide bonds are then reduced
with the reductant (TCEP) and labeled with
the fluorescent reagent, Cy3 maleimide
(Cy3m).
(B-1l) 2D gels of disulfide-containing proteins
from dark-reared wild-type flies (B), light-
exposed wild-type flies (C), light-exposed
wild-type flies returned to the dark (D), light-
exposed INAD null flies (inaD’) (E), light-
inaD"Tiight fexpovisd .inaDCG45.S flies (F), Iig'ht-e;;[;osled
il inaD™" flies (G), light-exposed ninaE'’” flies
that are null for the major rhodopsin of the
eye (H), and light-exposed inaC?® flies that
are null for eye-PKC (l). The position of the la-
beled INAD species is indicated by the arrows.
Full gels are in Figure S4, and image intensities
are normalized for total protein levels.
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ability to produce and time quantum bumps. This finding
is consistent with the crystallographic and biochemical
evidence that PDZ5 is in the reduced state upon dark
adaptation and that the C645S mutation simply locks
the domain in this conformation. In addition, it implies
that the mutant protein is not impaired in its ability to
bind any of its core binding partners (TRP, PLC-B, and
eye-PKC).

In contrast to the quantum bump results, severe de-
fects appear in inaD®®#*S mutants upon stimulation with
brighter light flashes. At lower light levels (Figure 6A, top;
log(l/lg) = —2.0, or ~100 absorbed photons per flash),
the response from inaD®®#%S photoreceptors is indistin-
guishable from wild-type and inaD"'" responses. Curi-
ously, as the flash intensity is increased, an inactivation
defect appears and becomes more pronounced in
inaD®%**S| but not inaD"", cells (Figures 6A and 6B).
Thus, the reduced state of PDZ5 supports normal visual
function at low-light levels, but transition to the oxidized
state is necessary within milliseconds of rhodopsin activa-
tion in order to maintain fast shutoff during responses to
physiologic stimuli.

A Specific Defect in the Refractory Period
Following a Quantum Bump

Defects in response inactivation have been documented
in other Drosophila mutants; for example, loss-of-function
mutations in arrestin (arr2%), the inhibitor of activated
rhodopsin, or eye-PKC (inaC?*) also show slow termina-
tion of macroscopic light responses (Dolph et al., 1993;
Henderson et al., 2000; Ranganathan et al., 1991).
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However, these defects are evident at all light intensities
including at the single photon limit, suggesting that the
mechanism underlying the inaD®%#> phenotype is funda-
mentally different.

To understand the defect in inaD%#°S cells, we exam-
ined the average size, shape, and rate of production of
quantum bumps as a function of increasing stimulus inten-
sity. Individual bumps cannot be resolved during multi-
photon stimuli, but average properties of the quantum
bumps underlying steady-state macroscopic responses
can be extracted using stationary fluctuation analysis
(see Experimental Procedures) (Juusola and Hardie,
2001; Wong and Knight, 1980; Wu and Pak, 1978). As
expected, wild-type photoreceptor cells show a classical
adaptation response in which both quantum bump ampli-
tude and duration decrease steadily as the stimulus inten-
sity increases (Figures 6C and 6D, black traces) (Burack
and Shaw, 2000; Johnson and Pak, 1986; Juusola and
Hardie, 2001). These adjustments allow photoreceptors
to extend the dynamic range of vision over several log
orders of stimulation without saturation. inaD®%4%S
mutants are indistinguishable from wild-type in these
parameters (Figures 6C and 6D, red traces), indicating
that conformational switching in PDZ5 plays no role in
classical light adaptation.

In contrast, a clear defect emerges in the rate of produc-
tion of quantum bumps (Figure 6E). At low stimulus in-
tensity, the bump rate rises linearly with a slope close to
unity in both wild-type and inaD®%#*S photoreceptors
(Figure 6E, solid black and red lines). This is the expected
outcome when each photon stimulates a distinct microvil-
lus and quantum bumps are produced independently.
However, at higher light intensities at which multiple
photons would be absorbed by individual microvilli, the
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bump rate in wild-type cells rises with a shallower slope
(Figure 6E, dashed black line), indicating that some mech-
anism limits the rate of bump production to less than the
rate of incoming photons. Strikingly, bump rates in
inaD®%**S mutants continue to rise unattenuated for the
entire range tested (Figure 6E, red line).

These data indicate that defining the inaD®®**S pheno-
type begins with understanding why the bump rate levels
off in wild-type cells when multiple rhodopsins are acti-
vated in an individual microvillus. An experimental ap-
proach for addressing this question is suggested by previ-
ous work on hypomorphic mutants of arrestin (arr2%)
and calmodulin (cam) (Scott et al., 1997). Both these
mutants are severely defective in the shutoff of activated
rhodopsin; thus, single photon stimulation leads to per-
sistent signaling activity that approximates a continual
stream of incoming photons into one microvillus. As dem-
onstrated, the quantal response in these mutants is not
a merely a single bump with broad kinetics. Instead, it
consists of a normal shaped initial bump followed by a
series of irregularly timed subsequent responses that
have been referred to as a “bump train” (Figure 6F)
(Hardie, 2001; Hardie and Raghu, 2001; Scott et al.,
1997). The key feature of this phenotype is the existence
of a refractory period following an individual quantum
bump during which channel activity is silenced in the acti-
vated microvillus. However, the mechanistic basis for the
refractory period is unknown.

These findings suggest a straightforward hypothesis for
the inaD®%#*S phenotype. By definition, the maximum
bump rate for any wild-type microvillus is limited to once
per refractory period. Thus, at stimulus levels that are
high enough to yield a reasonable probability that micro-
villi receive multiple photons within a refractory period,
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Figure 6. Light-Dependent Inactivation Defects in inaD®®**S Cells

(A) Average macroscopic responses from wild-type (black), inaD"" (gray), or inaD®®*® (red) to 3 ns flashes of 580 nm laser light at the indicated
intensities. Responses are normalized to peak at each light intensity, and |y is the (reference) intensity of the unattenuated laser (~10* absorbed
photons).

(B) Time constants obtained from fitting the inactivation segments of macroscopic responses to a single exponential. Error bars indicate standard
deviations, and the color scheme is the same as in (A).

(C-E) Stationary fluctuation analysis was used to measure average bump amplitude (C), duration (D), and rate (E) as a function of light intensity in wild-
type (black) and inaD®%%® (red) photoreceptors. Bars indicate standard errors. Here, |y is the reference intensity of the unattenuated lamp.

(F and G) Representative single photon responses from arr2® (F) and inaD®6#>S, arr2® photoreceptors (G) confirm that inaD®®“*S mutants have a near
complete loss of the refractory period between sequential quantum bump events.

(H and 1) Electrical responses from dark-adapted wild-type (H) and inaD®%“® () photoreceptors suddenly stimulated with constant light at the
indicated time and intensity reinforce this conclusion (see text).

we expect the leveling off of bump rates observed in wild- unsynchronized quantum bump trains from different
type cells (Figure 6E, black line). Given this, the unattenu- microvilli. However, synchronization can be transiently
ated production of quantum bumps observed in inaD“%4% achieved by instantly shifting cells from darkness to bright
animals (Figure 6E, red line) suggests a dramatically short- light (Figure 6H). By using a shutter with an opening time
ened (or even absent) refractory period. To test this, we (~8 ms) that is significantly faster than the average latency
recorded from inaD®®#>S, arr2® double mutant animals for bumps (~50 ms, Figure 5F), we expect that the initial
(yw; inaD'P[inaD®%*®S]; arr2%). If the refractory period is responses and refractory periods from an ensemble of
absent, then the combination of these two mutations microvilli will occur approximately simultaneously. This
should transform the arr2® bump train into just a continu- synchronization is not expected to last for long; the ran-
ously decaying quantum bump. Figure 6G confirms this dom nature of the refractory periods between quantum
prediction, supporting the model that the fundamental bumps (Figure 6F) will cause rapid decorrelation of the
physiological defect in inaD®**S mutants is selective responses from different microvilli as time progresses.
abrogation of the refractory period following a quantum Accordingly, wild-type cells show an initial transient
bump. channel opening (Figure 6H, arrow 1), followed by a dip

Direct observation of the refractory period in wild-type in activity (arrow 2) that then progresses to a constant
cells under conditions of brighter, constant light stimula- steady-state current (arrow 3). inaD®®#**S animals show
tion is difficult, as the electrical responses from different no dip in channel activity (Figure 6l). These data strongly
microvilli are not matched in time. Thus, the steady-state suggest (1) the existence of a refractory period in wild-
macroscopic response represents the sum of many type photoreceptor cells under physiologic conditions
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and (2) that inaD®®#*S mutants have specifically lost the
refractory period between quantal responses.

Taken together with the structural and biochemical
data, these findings allow us to propose a simple mecha-
nistic model: the reduced conformation of PDZ5 defines
a permissive condition for signaling, and the oxidized con-
formation defines the refractory period. From a dynamic
perspective, this model argues that INAD cycles between
these states on the hundreds of milliseconds timescale of
the visual response.

Consequence of Refractory Period Loss

Loss of the refractory period clarifies one yet unexplained
aspect of the inaD®®*®S phenotype —the intensity-depen-
dent inactivation defect observed in macroscopic flash
responses (Figure 6A). For low intensity flashes, each
microvillus very rarely receives multiple photons. Thus,
loss of the refractory period has no consequence and
inaD®%%%S mutants show no defects (Figure 6A, top panel).
As stimulus intensity increases, multiple rhodopsins will
be activated per microvillus and now the refractory period
becomes of functional significance. Rhodopsin activation
will still produce an initial quantum bump with normal
latency and shape; however, without a refractory period,
signaling from other simultaneously activated rhodopsins
would be expected to stimulate additional quantum bump
responses in the period before they are shut off. Integrated
over many microvilli, such responses would produce
a slow inactivation of the macroscopic response (Fig-
ure BA, lower panels). Thus, as suggested (Hardie and
Raghu, 2001), the refractory period allows signal shutoff
to be determined “downstream” —by rapid channel inac-
tivation rather than by potentially slower events such as
arrestin binding and GTPase activity.

What is the consequence of loss of fast inactivation of
the light response for fly vision? At the cellular level, one
well-known phenotype is the inability to rapidly reset
photoreceptor sensitivity following a bright (but physiolog-
ical) stimulus (Smith et al., 1991); the excess signaling
activity presumably either overdrives adaptation mecha-
nisms or depletes excitatory intermediates. inaD®%4%S
cells share this phenotype (Figures 7A and 7B); mutant
photoreceptors are unable to restore and maintain sen-
sitivity following sudden changes in light levels, indicat-
ing that transient formation of the PDZ5 disulfide is criti-
cal for maintaining responsiveness in the face of bright
stimuli.

However, a more profound phenotype is evident at the
behavioral level. Because motion sensing by visual pro-
cessing centers in the fly brain requires well resolved
photoreceptor responses in the compound eye (France-
schini et al., 1981), the broadening of response kinetics
in inaD®%*®® flies should significantly degrade the ability
of animals to respond to visual cues. For instance,
Drosophila have evolved specialized reflex circuits that
trigger escape behavior in response to specific visual
cues. In response to the expanding shadow over the retina
produced by an approaching predator, the giant fiber neu-
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ron (receiving input from visual fibers) activates muscles in
the legs and thorax, producing an escape jump and flight
behavior (Holmqvist and Srinivasan, 1991; Wyman et al.,
1984). The behavior can be reliably evoked in the labora-
tory by rapid shutoff of ambient light (Movie S1); in
response to a 20 ms “lights-off” stimulus, wild-type and
inaD"T flies jump ~70% of the time (Figure 7C). In con-
trast, inaD®®#°S flies have a dramatic defect in escape
behavior (jumping only 10% of the time, Movie S2,
Figure 7C), indicating that they are unable to sense sud-
den decreases in light intensity. The phenotype is specific
to the ability to rapidly deactivate the light response, as
mutant animals show no defects in phototaxis behavior,
or escape behavior due to a mechanical stimulus (also
mediated by the giant fiber system) (Figure 7C). Thus,
the refractory period, via its effect on maintaining rapid
deactivation of the light response, plays a critical role in
an evolutionarily conserved escape behavior.

DISCUSSION

Conformational Dynamics in the INAD Scaffold
Previous work on INAD has established the concept of
a “transducisome” (Tsunoda et al., 1997) or “signalplex”
(Montell, 1998)—essentially a preordered macromolecu-
lar complex that carries out a series of signaling reactions
with great speed and specificity. We extend this concept
by showing that INAD is a dynamic scaffold, undergoing
cycles of intramolecular disulfide bond formation in one
PDZ domain. Crystallographic studies define this confor-
mational switch at atomic resolution, and experiments
both at the cellular and behavioral levels indicate a clear
biological role for this process in maintaining fast time-
scale visual function. To our knowledge this work provides
the first example of such large-scale conformational
switching in the PDZ domain, and opens the possibility
that other members of this large family of scaffolding mod-
ules may also be engaged in dynamic conformational
changes.

The notion that redox chemistry plays a role in regulat-
ing the Drosophila visual system is not without precedent;
the first PDZ domain of INAD (PDZ1) has been proposed
to be involved in an intermolecular disulfide interaction
with the C-terminal region of the NORPA PLC-§ (Kimple
et al., 2001). Specifically, a cocrystal structure of PDZ1
bound to the predicted C-terminal peptide of NORPA
(NH>-GKTEFCA-COOH) indicates a covalent interaction
between C31 on PDZ1 and the cysteine at the penultimate
position of the peptide (NORPA position 1094). However,
further evidence argues that this structural finding, though
technically accurate, is not physiological (Figure S5). C31
is not conserved in the INAD ortholog from the closely
related fly Calliphora vicinia (Figure S5A), and genomic
sequencing of the norpA gene both by us (Figure S5B)
and by the Drosophila genome project (Celniker et al.,
2002) indicates a sequencing error at position 1094 in
the original report of the NORPA sequence (Bloomquist
et al., 1988); the cysteine reported at this site is actually
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tyrosine in D. melanogaster and phenylalanine in C. vicinia
(A. Huber, personal communication). Regardless, the data
presented here do support the concept that disulfide
exchange dynamics play a key role in Drosophila vision.

Induction and Mechanism of the Refractory Period

How does light absorption lead to conformational switch-
ing of INAD in vivo? Formation of the PDZ5 disulfide
appears to be regulated by a light-dependent protein
kinase, eye-PKC, that feedback phosphorylates the
INAD scaffold itself. A plausible model is that the light de-
pendence of the INAD conformational switch is due to an
allosteric effect within INAD rather than due to a change in
environmental redox potential. In this scenario, the redox

8sec dark

8sec dark

Figure 7. Response Compression and
Escape Behavior in inaD®%**S Flies

(A) Light responses from wild-type (black) and
inaD®®#5S (red) cells in response to weak test
flashes (rectangles) before and after an adapt-
ing flash (arrow) of 10x higher intensity. in-
aD®%%%S responses are shifted relative to wild-
type for clarity.

(B) Same as (A), except the adapting flash
(arrow) is 100x higher intensity than the test
flashes.

(C) Response probabilities of individual flies in
three kinds of behavioral tasks: (left) photo-
taxis, which measures the ability of flies to
walk toward a light source; (middle) visually
mediated jumps, which measure the ability of
flies to execute an escape jump in response
to sudden darkness; (right) mechanically medi-
ated jumps, which measure the ability of flies to
execute an escape jump in response to a me-
chanical shock. Wild-type and inaD"'" flies per-
form well on all tasks, while ninaE'’” flies (null
for the major rhodopsin and effectively blind)
show defects in both slow and fast timescale
visual tasks. inaD®%#*® flies show specific dra-
matic loss of the visually mediated escape
jump (see Movies S1 and S2). Error bars indi-
cate the standard deviations from more than
ten individual flies per genotype per task.

potential of the PDZ5 disulfide is a function of one or more
eye-PKC phosphorylation events in INAD, and the proba-
bility of INAD to exist in the oxidized state is set by the
relative rates of eye-PKC activity and opposing phospha-
tase activities. Many other scaffold proteins are known to
undergo phosphorylation or other posttranslational modi-
fications to tune pathway output (Bhattacharyya et al.,
2006a; Lonart et al., 2003). Work on INAD phosphorylation
and its role in controlling PDZ5 structure and function may
contribute a model for understanding feedback regulation
of scaffolding proteins in general.

How does transient formation of the PDZ5 disulfide
mechanistically lead to a refractory period? Genetic stud-
ies have demonstrated a role for PDZ5 in controlling the
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rhabdomeric localization of PLC-B, the main effector
molecule for visual transduction and a component of the
INAD complex (Tsunoda et al., 1997). This leads to the
obvious hypothesis that light-dependent transient forma-
tion of the oxidized state causes transient unbinding
(and mislocalization) of PLC-B from the INAD complex.
Because PLC-B localization is known to be required for
efficient visual signaling, it follows that this brief unbinding
event might represent the physical basis for the refractory
period. However, evidence for direct interaction between
INAD-PDZ5 and PLC-B remains elusive (P.M., M.W., and
R.R., unpublished data), and the possibility exists that
other target proteins in the visual signaling pathway might
associate with PDZ5. Future work in identifying and char-
acterizing real-time localization of PDZ5’s binding part-
ners in vivo will be required to address this issue.

Potential Evolutionary Implications

While the core features of the rhodopsin-Gqg-PLC-PKC-
TRP visual signaling pathway appear to be conserved
from insects to mammals, the PDZ5 disulfide appears to
be present only in the Brachycera suborder of flies. This
suborder is specific to the fast-flying insects; other flies
(e.g., the Nematocera suborder, including Anopheles and
Aedes) display mostly sluggish flying behavior and are
nocturnal (Laughlin and Weckstrom, 1993); in addition,
they have structurally distinct photoreceptors (Seifert and
Smolua, 1990) and do not possess cysteines 606 and 645
in their scaffolding protein. We suspect that use of the
PDZ5 disulfide offers a specific advantage to flight at
fast speeds where high-frequency visual signals must be
processed into aerodynamic decisions. The invertebrate
eye has been shown to be an extremely evolvable system
with specialization occurring at the family and species
level, and even between different sexes of the same spe-
cies (Franceschini et al., 1981; Laughlin and Weckstrom,
1993; O’Carroll et al., 1996). A scaffolding protein, which
coordinates the organization of the key signaling compo-
nents, seems ideally suited to serve as a “control” center
for the system. Modification of scaffolds may represent an
attractive mechanism for evolving new features into a
signaling pathway without changing its core constituents.

EXPERIMENTAL PROCEDURES

Protein Crystallization and Structure Determination

PDZ5 (residues 580-665 from D. melanogaster INAD) was expressed
as a GST fusion in E. coli BL21-DES3 cells (Stratagene) and subjected
to glutathione affinity chromatography, cleavage of the GST tag by
1:50 w/w Factor Xa protease (GE), size exclusion chromatography,
and concentration into 50 mM Tris, 100 mM NaCl (pH 7.5). For the
reduced state structure, buffers were supplemented with 1 mM DTT
during size-exclusion chromatography. Selenomethionyl (SeMet)
protein was produced for the reduced and C645S structures by grow-
ing cells in M9 minimal media at 37°C to ODggo of 1.0, then incubating
with amino acids (lysine, phenylalanine, threonine at 100 mg/l; isoleu-
cine, leucine, valine at 50 mg/l; Se-methionine at 60 mg/l). Purified
PDZ5 was concentrated to 15 mg/ml without (oxidized and C645S
structures) or with (reduced structure) 10 mM DTT, and crystallization
trials were conducted at 4°C using the vapor diffusion hanging drop
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method. Crystals grew either spontaneously or with microseeding
with well solutions containing 1.3 M NaCitrate (pH 7.5) in 1-3 days.
Single crystals were cryoprotected by serial equilibration into well
solutions containing increasing amounts of glycerol (up to 15%) and
flash frozen in liquid propane. For the oxidized structure, heavy-atom
derivatives were obtained by soaking single crystals in well solution
containing either K;PtCl, (1 mM) or trans-Pd(NH3)>Cl, (2.5 mM) for 1
to 2 days prior to cryoprotection.

Data were collected at 100 K and were indexed and scaled with
DENZO/SCALEPACK. All phasing and model refinement was carried
out without noncrystallographic symmetry restraints using the crystal-
lography and NMR system (CNS) software, and the statistics are sum-
marized in Tables S1-S3. Manual model building was performed in O,
and computational refinement steps involved high-temperature tor-
sion angle molecular dynamics followed by positional and temperature
factor minimization. Details regarding structure determination are
presented in the Supplemental Experimental Procedures. The atomic
coordinates have been deposited in the Protein Data Bank with the
following accession codes: 2QKT (0 mM DTT), 2QKU (10 mM DTT),
and 2QKV (C645S).

Cysteine-Labeling Assays

For in vitro assays, reactions were carried out with purified PDZ5 in
10 mM HEPES and 50 mM NaCl (pH 7.0) and supplemented with var-
ious amounts of DTT. All buffers and tubes were flushed with N,. After
incubation for 4 hr at 30°C to reach equilibrium (Figure S6), reactions
were quenched with the addition of cold trichloroacetic acid (TCA) to
25% and precipitated on ice for >1 hr. The pellet was collected by cen-
trifugation at 13,000 x g, washed with acetone and resolubilized in 1%
SDS, 200 mM Nay,HPO,4 (pH 7.0) supplemented with 20 mM 4-acet-
amido-4'-maleimidystilbene-2,2'-disulfonic acid (AMS; MW, 536.44
Da; Molecular Probes). The labeling reaction proceeded for 10 min
atroom temperature and was directly loaded onto a 16.5% Tris-Tricine
gel (Bio-Rad). Protein was visualized by Coomassie staining and was
imaged and quantified on an Alphalmager HP (Alphalnnotech). Stan-
dard redox potentials at 30°C (pH 7) were calculated in triplicate as
described previously (Hanson et al., 2004) using E'qprm = —0.323V
(Sajewski and Whitesides, 1980).

For in vivo assays, 1-day-old flies were frozen in liquid N, and dehy-
drated in acetone; retina were dissected and homogenized into PBS
supplemented with 25% TCA. Protein was collected and washed as
above, and resolubilized in denaturing buffer (8 M urea, 100 mM
HEPES, and 2% CHAPS [pH 7.0]) + 20 mM AMS. The reaction was
quenched after 10 min by addition of TCA to 25%. After precipitation
on ice, the pellet was collected, washed, resolubilized in denaturing
buffer + 10 mM Tris(2-carboxyethyl)phosphine (TCEP), and incubated
for 1 hr to reduce disulfide bonds. Cy3 maleimide (GE) was then added
to 10 mM; the reaction was quenched after 10 min by addition of TCA
to 25%, and the protein was precipitated and collected as before. The
pellet was resolubilized in 8 M urea, 2% CHAPS, 2% IPG buffer pH3—
10 (GE) and loaded onto a Immobiline DryStrip pH3-10 linear gel (GE)
for electrofocusing, followed by SDS-PAGE on a 10% Tris-HCI gel
(Bio-Rad). The gel was directly imaged on a Typhoon 9210 (GE) with
excitation at 532 nM and detection at 580 nm. Gels were then fixed
and stained for total protein using SYPRO ruby stain (Molecular
Probes), and imaged on an Alphalmager HP (Alphalnnotech).

Antibodies
Polyclonal rabbit antibodies to INAD were generated (Covance) using
purified recombinant first PDZ domain of INAD (PDZ1) as antigen, and
to Arr2 using a synthetic peptide (residues 370-380) as antigen. Sera
from immunized rabbits were affinity purified using standard
procedures.

Electrophysiology
Whole-cell path clamp on isolated photoreceptors was performed as
described previously (Ranganathan et al., 1991). Briefly, retinas from



dark-reared flies were dissected under dim red light in 125 mM CsCls,
10 mM HEPES, and 30 mM sucrose (pH 7.1) and gently triturated into
bath solution (120 mM NaCl, 5 mM KCI, 10 mM HEPES, 4 mM MgCl,,
24 mM proline, 5 mM alanine, and 1.5 mM CaCl, [pH7.1]). Electrode
solution was 140 mM K-gluconate, 10 mM HEPES, 2 mM MgSO,,
1 mM NAD, 4 mM MgATP, 0.5 mM NaGTP, and 0.5 mM EGTA (pH
7.1). Reversal potentials were between —40 and —70 mV; series resis-
tance was typically 10-20 MQ and was routinely compensated to 75%.
No series compensation was used during quantum bump recordings.
Signals were amplified with an Axopatch 200B (Axon Instruments),
filtered at 100 or 200 Hz (LPF-8, Warner Instrument), and digitized at
10 kHz (PCI-6052E DAQ board [National Instruments]) for analysis.

Light responses were elicited by a 3 ns flash of 580 nm light from
a dye-stirred VSL-337-ND-S nitrogen laser (Laser Science). Unattenu-
ated intensity corresponds to ~10* effective photons per flash; light
was filtered using neutral density filters (Oriel). Thirty hertz stimulation
was used to measure the sensitivity threshold (Figure 5H). Light
responses for the stationary fluctuation analysis (Figures 6C-6E) and
synchronization experiments (Figures 6H and 6l) were elicited with
constant white light from a Xenon arc lamp (Lambda LS [Sutter]; unat-
tenuated intensity ~60 lux), fitted with a SmartShutter (Sutter), and
filtered using neutral density filters (Oriel).

Quantum bumps were collected using laser flashes at intensities
that generated responses at less than 30% success rate; typically
log(l/lp) < —5.0. Latencies were calculated by hand and used to align
bumps. Average bump shapes were calculated by averaging >50
aligned and normalized bumps per genotype. For macroscopic
recordings, numerous responses (n = 10) were collected at each light
intensity from multiple cells (n > 3). For stationary fluctuation analysis,
recordings were performed in n > 4 cells per genotype; analysis was
performed as previously described (Johnson and Pak, 1986; Juusola
and Hardie, 2001; Wu and Pak, 1978) (see Supplemental Experimental
Procedures for details).

Behavioral Assays
All assays were performed on flies less than 1 day old. Phototaxis was
tested using the countercurrent apparatus (Benzer, 1967); groups of
25 flies were given a choice between a vial facing a light source (pro-
vided by a green light-emitting diode [LED]) and a vial facing away
from the light source. Each fly was given the choice eight times.

For the visually mediated escape jump, individual flies were tested in
a small Petri dish illuminated with four green LEDs placed at 90° to one
another (total intensity, ~80 lux). A “lights-off” stimulus was provided
by turning the LEDs off for 20 ms using a TTL signal; escape jumps
were monitored visually and recorded. For a mechanical stimulus,
the Petri dish was dropped onto a table from a height of 1 cm; escape
jumps were monitored visually and recorded. Each fly received ten
trials of each stimulus.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, four tables, six figures, and two movies
and can be found with this article online at http://www.cell.com/cgi/
content/full/131/1/80/DC1/.
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