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SUMMARY

Retinal rod and cone photoreceptors mediate vision in dim and bright light, respectively, by
transducing absorbed photons into neural electrical signals. Their phototransduction mechanisms
are essentially identical. However, one difference is that, whereas a rod visual pigment remains
stable in darkness, a cone pigment has some tendency to dissociate spontaneously into apo-
opsin and retinal (the chromophore) without isomerization. This cone-pigment property is long
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known, but has mostly been overlooked. Importantly, because apo-opsin has weak constitutive
activity, it triggers transduction to produce electrical noise even in darkness. Currently, the
precise dark apo-opsin contents across cone subtypes are mostly unknown, as are their dark
activities. We report here a study of goldfish red (L), green (M) and blue (S) cones, finding with
microspectrophotometry widely different apo-opsin percentages in darkness, being ~30% in L
cones, ~3% in M cones, and negligible in S cones. L and M cones also had higher dark apo-opsin
noise than holo-pigment thermal isomerization activity. As such, given the likely low signal
amplification at the pigment-to-transducin/phosphodiesterase phototransduction step especially in
L cones, apo-opsin noise may not be easily distinguishable from light responses, thus may affect
cone vision near threshold.

IN BRIEF (eToC Blurb)

Cone but not rod pigments can dissociate in darkness into apo-opsin and chromophore without
isomerization, but this cone pigment property has been generally overlooked. Luo et a/. report
experiments showing that the dark apo-opsin content especially in L cones is substantial,
producing dark noise that may constrain cone photodetection threshold.
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INTRODUCTION

Multiple studies over several past decades have examined the dark noise in retinal rods

and cones for understanding phototransduction and correlating noise with the human visual
threshold. For rods, whether amphibian or primate, the dark noise arises predominantly
from spontaneous activity of rhodopsin (“discrete noise™) and from intrinsic activity of the
cGMP-phosphodiesterase (PDE) mediating phototransduction (“continuous noise”) [1-4].
For cones, an early study on turtle cones reported noise coming from the light-sensitive ion
channels [5]. Much later, two studies on salamander L cones reported dark noise dominated
by spontaneous pigment isomerization [6,7], whereas another on fish M cones found dark
noise mostly from spontaneous PDE activity [8]. For primate cones, the dark noise seems
even more complex, with spontaneous isomerization being hardly the main source [9-11].
The reasons for these differences across species remain unclear.

One source of cone noise not given much attention so far is dark constitutive activity of
apo-opsin. Cone pigments have some tendency in darkness to dissociate back into apo-opsin
and retinal without isomerization [12,13]. Given opsin’s weak constitutive ability to activate
phototransduction [12,14-17], its presence should trigger noise. Power spectral analysis has
been the predominant tool for analyzing photoreceptor noise [1,3-11]. However, this is

not always the best way to dissect noise or identify their biological origins, especially to
distinguish between closely-related components such as holo-pigment and apo-opsin, which
produce overlapping power spectra.

In this work, we focus on the specific question of dark cone apo-opsin content

and its constitutive activity. To measure opsin content, we employed primarily
microspectrophotometry [18,19]. To characterize dark noise, we employed a truncated-
photoreceptor preparation previously developed by us for both rods [20-23] and cones
[24] (see also [4,6]), but avoided power spectral analysis. As such, we measured the dark
activity of each phototransduction step while preserving the outer segment’s native internal
compartmentalization. To quantify activity, we assayed PDE activity with a biophysical
approach that we previously developed for rods [22].

We studied goldfish cones because they are robust and relatively abundant (~25% of
photoreceptors [25]). They comprise L, M, S and UV subtypes [18,26] (cf. salamander
cones, with no M cones and unusually sensitive S cones [6,27]). UV cones were omitted
because they require special optics.

RESULTS

Qualitative PDE Activity in Darkness

The final effector enzyme in phototransduction is PDE, which hydrolyzes cGMP to close the
cyclic-nucleotide-gated (CNG) channels. CNG channels have fast gating (milliseconds) and
do not desensitize [28,29], providing a straightforward assay for cytoplasmic cGMP changes
and hence PDE activity [22].

Curr Biol. Author manuscript; available in PMC 2021 December 21.
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To assay PDE activity qualitatively in darkness, we dialyzed a pseudo-intracellular solution
(STARXMETHODS) from the bath into a fully dark-adapted cone that was truncated at

the inner segment below the ciliary neck and recorded with a suction pipette (Figure

1A, B). Figure 1C shows an L-cone experiment. Initially, with no cGMP or GTP (the

latter being required for endogenous cGMP synthesis) present in the dialyzing solution
(STARXMETHODS), no dark current was observed. Upon dialyzing in 500-uM cGMP, a
large inward current reflecting CNG channels opening appeared. After the CNG current
plateaued, 15-uM GTP was added to the dialyzing solution, with the concentration so chosen
to permit activation of cone transducin (the G-protein mediating cone phototransduction) but
to minimize cGMP synthesis by the cone guanylate cyclase [20,23]. The inward current
dramatically decreased almost instantly, reflecting GTP-dependent PDE activity. Upon
removing GTP, the inward current returned, which disappeared after cGMP removal. 15-uM
GTP without cGMP induced no observable current (see Figure 2 and 3A). Altogether, five

L cones gave similar results. The same experiment on M cones yielded a much smaller
GTP-induced reduction in CNG current (Figure 1D, n=6). No current-reduction by GTP
was observed with S cones (Figure 1E, n=4; see also [6]). Thus, qualitatively, dark GTP-
dependent PDE activity was highest in L cones, less in M cones, and undetectable in S
cones.

Because L, M and S cones all express the same transducin isoform [30], non-detectable
dark GTP-dependent PDE activity in S cones (as in salamander S cones; see [6]) suggests,
at least qualitatively, low intrinsic GTP-dependent transducin activity across cone subtypes
(see more later). Thus, the dark GTP-dependent PDE activity in L and M cones most

likely arose from spontaneous holo-pigment or apo-opsin activity. We next checked the
effect of ATP on the GTP-dependent PDE activity. Phosphorylation of the active pigment
by its kinase is well-known to initiate active-pigment quenching, thus requiring ATP [23].
Indeed, 1-mM ATP reduced the GTP action (Figure 1F), consistent with at least some
spontaneous holo-pigment activity. Constitutive apo-opsin activity may also be quenched by
phosphorylation [31,32].

Quantitative Measurement of Dark GTP-Dependent and GTP-Independent PDE Activities

We quantify here the dark GTP-dependent and GTP-independent PDE activities. We first
dialyzed 3-mM cGMP (which saturated the CNG current even in face of PDE activity) into
the outer segment without GTP and, afterwards, rapidly removed cGMP and measured the
rate of cGMP disappearance from the outer segment based on the CNG current decline
[21,22]. The dissipation of cGMP resulted from combined diffusion out and hydrolysis by
constitutive PDE activity. Assuming cross-sectional homogeneity, cGMP loss by diffusion
is a first-order process, being proportional to cGMP concentration with a rate constant »
reflecting cGMP’s longitudinal diffusion coefficient [21,22]. cGMP hydrolysis is also a
first-order reaction and, when its concentration falls much below PDE’s Michaelis constant
(K for cGMP, it becomes proportional to cGMP concentration with a rate constant g8,
where B°=V0/Km, With V4 being the maximum GTP-independent (intrinsic) enzyme
activity. Thus, cGMP concentration should have a final exponential decay with rate (8’ +
7). As cGMP falls far below the half-activation constant, K, for the cone CNG channel,
the current will also decay exponentially with rate 77 (8°+ ¥), where nyis the Hill

Curr Biol. Author manuscript; available in PMC 2021 December 21.
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coefficient of channel activation by cGMP (~2.4; see [28]). The parameter y can be isolated
by repeating the above procedure with 1-mM IBMX in the dialyzing solution, which inhibits
all PDE activity to make g’= 0 [21,22]. From the difference in CNG-current decline rate
with and without IBMX, B’ can be evaluated.

Figure 2A shows an L-cone experiment, plotted linearly (top) and semi-logarithmically
(bottom). 5 was estimated to be 0.016 s~1 from the current decay in IBMX (Figure 2A
bottom, Trace 3), and (B’+ ) to be 0.088 s~1 from the current decay without IBMX (Figure
2A bottom, Trace 1), thus 8”= 0.072 s'1. Collected L-cone experiments gave » = 0.020 +
0.006 s™1 and B”=0.059 + 0.038 s™1 (mean + SD, n = 10). Figure 2B and 2C show similar
M-cone and S-cone experiments, giving collectively = 0.017 +0.003 s™1, 8”=0.050 +
0.037s1 (n=7) and »=0.025 + 0.009 s™1, #”=0.059 + 0.009 s~1 (n = 3), respectively. By
analogy to rods, the GTP-independent PDE activity is interpreted as spontaneous “molecular
rocking motion” of the inhibitory PDE -y-subunits on the catalytic PDE a.’-subunits [4].

The similar y values across cone subtypes indicate that longitudinal cGMP diffusions along
their outer segments are similar. From D~ y/2, where Dis longitudinal diffusion coefficient
and L is outer-segment length (Table S1), we obtain O ~5 pm?2 s~1 for L cones, which is
12-fold lower than for amphibian rods (~60 um? s~1, [21]). This lower Dvalue in cones

is expected because their outer-segment intracellular membrane discs are continuous with
the plasma membrane, thus introducing a higher tortuosity-factor for longitudinal diffusion.
Also, the presence of the narrow ciliary neck between the outer and inner segments (but
absent in truncated rod outer segments [21]) might contribute to the lower D value. The
similar 8’ values across L, M and S cones indicate that their dark GTP-independent PDE
activities are similar.

In the above experiment, dark GTP-dependent PDE activity, 8, could also be measured with
15-uM GTP. From the difference in current decline rate between Trace 1 (without GTP)

and Trace 2 (with GTP) in Figure 2A, lower, we obtained 8= 0.042 s™1 for the L cone.
Corresponding B values could be obtained for M and S cones (Figure 2B and 2C). Collected
data gave 0.039 + 0.019 s~2 for L cones (n = 10), 0.004 + 0.003 s™1 (n = 7) for M cones,
and below resolution for S cones (n = 3). The undetectable GTP-dependent PDE activity

in S cones indicates very low combined pigment thermal isomerization and constitutive
apo-opsin activity, as well as negligible uncatalyzed (i.e., intrinsic) GTP-for-GDP exchange
on cone transducin. We can generalize the last attribute to L and M cones.

The total dark PDE activity (i.e., GTP-independent and GTP-dependent) corresponds to the
basal PDE activity. Our average (8’ + f) value of ~0.054 sec™1 for M cones is lower than the
~0.24 571 estimated from intact striped-bass M cones with power spectral analysis [8]. The
latter estimate involved biochemical parameters borrowed from amphibian rods [8], so the
comparison may not be meaningful.

Equivalent Dark Light for Dark GTP-Dependent PDE Activity

The measured dark GTP-dependent PDE activity, whether due to holo-pigment or apo-opsin,
can be converted into an equivalent pigment-isomerization rate as follows. After measuring
dark GTP-dependent PDE activity from a truncated cone, we turned on a calibrated steady

Curr Biol. Author manuscript; available in PMC 2021 December 21.
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light and repeated the measurements. In Figure 3A, left, the first part of experiment

on an L cone was identical to that in Figure 2A, giving a cGMP-dissipation rate from
combined diffusion and GTP-independent PDE activity of 0.055 s™1 (Trace 1). Repeating
the measurement with 15-uM GTP yielded an overall cGMP-dissipation rate of 0.091 s~*
(Trace 2). Subtracting Trace 1 from Trace 2 gives a dark GTP-dependent PDE activity

of 0.036 s™1. Next, with GTP still present, a steady light at L-cone pigment’s A5, Was
delivered at two successively higher intensities and the protocol repeated during each
(Traces 3 and 4). Subtracting Trace 1 from Trace 3 or Trace 4 gives light-activated, GTP-
dependent PDE activities of 0.051 s™1 and 0.065 s™1, respectively. The relation between
GTP-dependent PDE activity and steady light intensity (Figure 3A, right) is roughly linear
(R%2=0.92), giving an extrapolated “dark light” of 438 photons um=2 s'1. Collected data
from L cones gave an equivalent dark light intensity of 849 + 290 photons pym=2s™1 (n = 10;
Figure 3B). Multiplying this value by goldfish L cone’s effective collecting area of 1.93 pm?
(Table S1) gives 1,639 + 560 equivalent isomerizations s1. Similar experiments on M cones
gave a dark light of 32 % 15 photons um=2s~1 (n = 7; Figure 3C), or 44 + 21 equivalent
isomerizations s~ for an effective collecting area of 1.37 um? (Table S1). For S cones, the
dark GTP-dependent PDE activity was below resolution (Figure 3D).

The somewhat varied estimates in dark light across cells could arise from multiple factors.
One was possibly a variation in the percentage of dark apo-opin across cells (see next
section). Another was some gradual washout from the outer segment of soluble components
in phototransduction or affecting it (see [22] for rods). A third was that ablating the bulk of
the cone inner segment to achieve a truncated cell likely affected the known light-dependent
translocation of signaling proteins between the outer and inner segments. Nonetheless, this
effect may not be large for cones because cone transducin actually does not translocate from
outer segment to inner segment even in bright light [33-35]. Cone arrestin is also reportedly
distributed across the cone in darkness, although becoming more concentrated in the outer
segment in bright light [33,36,37]. The illumination used in our experiments was not very
bright or prolonged (Figure 3).

Apo-Opsin Contribution to Dark GTP-Dependent PDE Activity

We would like to separate thermal cone-pigment excitation and constitutive apo-opsin
activity. Individual cone-pigment isomerization events are not resolvable in cones owing

to their tiny electrical amplitude. As mentioned in Introduction, others resorted to power
spectral analysis, but this approach is potentially ambiguous especially in cones (see
Discussion). Instead, we used a quantitative physicochemical relation that we previously
arrived at for calculating the molecular rate constant of thermal pigment isomerization from
the absorption A, [38-40]. This relation is generally successful in predicting molecular
rates for native A;1- and A,- rod and cone pigments across mammals and amphibians [38].
As such (see Ref. [38] and STARXMETHODS), we estimated the molecular constants of
spontaneous isomerization at 23°C to be 5.78 x 10~/ s1 molecule™ for goldfish L-cone
pigment (A ;2 ~ 623 nm), 8.91 x 1079 s~ molecule™® for M-cone pigment (A ~ 537
nm), and 5.30 x 10712 571 molecule™ for S-cone pigment (A2, ~ 447 nm). Multiplying
by the respective goldfish cone-outer-segment volumes and pigment densities (Table S1), we

Curr Biol. Author manuscript; available in PMC 2021 December 21.
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obtained spontaneous rates of 167, 3, and 0.002 isomerizations s=* for L, M, and S cones,
respectively.

The above expected rates in L and M cones are substantially lower than the equivalent

dark light measured by us. We interpret the excess equivalent dark light as being from
apo-opsin originating from dark dissociation of holo-pigment. Thus, by subtraction, we
obtained the equivalent dark light being attributable to free opsin, namely, ~1,472 equivalent
isomerizations s™1 for L cones, ~41 equivalent isomerizations s~ for M cones, and
unresolvable for S cones.

Next, we correlated the constitutive apo-opsin activity with the amount of apo-opsin present.
Previously, based on bleaching adaptation, we roughly estimated that ~10% of in situ
salamander L-cone pigment is apo-opsin [12]. However, as noted in [12], this estimate

is indirect, and the bleaching-based assay is also especially unsuitable for goldfish cones
(see next section), not to mention potential animal-species differences. Accordingly, we
quantified apo-opsin content directly with microspectrophotometry in fully-dark-adapted,
mechanically isolated single goldfish cones (STARXMETHODS). Figure 4A, B and C
show sample measurements from three each of L, M and S cones. Apo-opsin and free
chromophore do not absorb strongly in visible light, thus the fractional apo-opsin content
can be evaluated from the difference in light absorption by a cone outer segment before
(black traces) and after a brief (15-min) exposure to excess 11-cis-retinal (A1-chromophore)
in darkness (red, green and blue traces, respectively). The light-absorption increase
afterwards indicates apo-opsin in dark-adapted cones being converted into holo-pigment.
The 15-min exposure to 11-c¢/s-retinal was short enough that any dark replacement of

native A,- by exogenous A;-chromophore during this duration was negligible [12]. We
used Aj-chromophore, although non-native to goldfish, as substitute for two reasons. First,
native A,-chromophore has very limited availability. Second, and more importantly, any
increase in the absorption spectrum upon exposure to A1 chromophore should show a
blue-shifted A, (Most dramatic for L cones, progressively less for M- and S-cones; see
Figure 4; [12,39,41]), indicating unequivocally de novo formation of Aq-visual pigment.
Aq-based pigments have an extinction coefficient ~1.4 times that of Ay-based pigments
[42], which must be included in apo-opsin calculations ([12], see STARXMETHODS).

The post-chromophore-treatment spectrum (post-spectrum) was thus a linear summation

of Aq- and A,-spectra. To quantify apo-opsin, a cone’s pre-chromophore-treated spectrum
(pre-spectrum) is subtracted from the post-spectrum to give a difference spectrum indicating
the amount of A;-pigment formed. The fractional apo-opsin content in darkness is then
given by the ratio between the difference spectrum’s peak optical density (after adjustment
for the Ay/A1 extinction-coefficient difference) and the total (adjusted) peak optical density
after chromophore exposure.

Figure 4D shows collected data for dark-adapted optical densities and fractional apo-

opsin contents of the three cone subtypes, plotted against the time lapse in darkness

after mechanical isolation of the cones from the retina and retinal pigment epithelium.
Surprisingly but interestingly, there was no sign of any progressive increase in apo-opsin
content after cell isolation (see [12] and Discussion). The calculated fractional apo-opsin
content was 32.0 £ 6.0% (mean = S.D., n=14) in dark-adapted L cones, 2.8 = 4.2% (n=11) in

Curr Biol. Author manuscript; available in PMC 2021 December 21.
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M cones, and undetectable (n=8) in S cones. Although the S-cone measurements have been
pushed to the limit of our optics, this negative finding is consistent with, at least in principle,
an undetectable dark GTP-dependent PDE activity in S cones (Figure 1E and Figure 2C).

A fractional apo-opsin level can be converted into apo-opsin molecules based on outer-
segment volume and pigment density (3.5 mM; [18,43]), giving (2.02 x 10713 L) x (3.5 mM
% 0.32) X Nayogadro = 1.36 x 108 apo-opsin molecules in dark-adapted L cones, (1.43 x
10713 L) x (3.5 MM x 0.028) X Naypgaaro = 8.44 x 106 apo-opsin molecules in dark-adapted
M cones, and below detection in dark-adapted S cones. Dividing these numbers into the
measured dark constitutive GTP-dependent PDE activity attributable to free opsin, we
obtained the molecular rate constant of constitutive cone apo-opsin activity, being 1.08 x
1075 equivalent isomerizations s~ L-cone opsin~! and 4.86 x 1076 equivalent isomerizations
s~1 M-cone opsinL.

A quantitative breakdown of dark constitutive transduction activity in goldfish cones can
now be made. In L cones, ~ [0.059 s71/(0.059 s™1 + 0.039 s71)] = 60% of dark PDE activity
came from intrinsic, GTP-independent PDE activity, ~[(167 pigment isomerizations s~ /
1639 total equivalent isomerizations s™1) x 0.039 571/ (0.059 s1 + 0.039 s71)] = 4% from
spontaneous pigment isomerization, and ~[(1,472 equivalent isomerizations s / 1639 total
isomerizations s71) x 0.039 s71/ (0.059 s71 + 0.039 s~1)] = 36% from constitutive apo-opsin
signaling. In M cones, we found that ~[0.050 s~ / (0.050 s~ + 0.004 s™1)] = 92.6%

of it came from intrinsic PDE activity, ~[(3 pigment isomerizations s~ / 44 equivalent
isomerizations s71) x 0.004 s1/ (0.05 s™1 + 0.004 s71)] = 0.5% from spontaneous pigment
isomerization, and ~[(41 equivalent isomerizations s~ / 44 total isomerizations s™1) x 0.004
s71/(0.05 s71 + 0.004 s™1)] = 6.9% from constitutive apo-opsin signaling. In S cones, the
dark transduction activity was almost entirely from intrinsic, GTP-independent PDE activity
(0.059 s71).

Single-Photon Response, Background Adaptation and Apo-Opsin Effect in Intact Goldfish

Cones

Previously, we found salamander cones to be quite sensitive to constitutive
phototransduction activity in darkness, such that even a low fractional content of apo-opsin
will lead to equivalent background-light adaptation. This property allowed us to assay, albeit
only roughly, the amount of apo-opsin in salamander cones [12]. However, this approach
does not work for goldfish cones, as discussed below.

First, we outline some basic properties of goldfish L, M and S cones that we found (cf.
striped bass [44] and carp [45]). These cone subtypes differed by a ~20-fold-range in dim-
flash sensitivity at their respective A5, (Figure 5A), with a corresponding half-saturating
flash intensity (o) of 4,016 + 901 (mean + SD, n=13), 676 + 481 (n=8) and 231 + 99 (n=8)
photons pm=2 with 620-nm, 540-nm, and 450-nm flashes, respectively (Figure 5A); thus, L
cones were the least sensitive. Their corresponding saturated light responses were 16.7 + 4.1
pA (n=10), 11.8 + 6.2 pA (n=8) and 9.7 £ 2.8 pA (n=8), correlated with their outer-segment
surface areas (R? = 0.99, Table S1). The tiny single-photon responses were unresolvable,

but could be estimated from average dim-flash-response amplitudes, flash intensities and
effective collecting areas (Figure 5B; Table S1), giving 2.1 + 1.4 fA (n=13) for L cones, 10.9
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+ 13.6 fA (n=8) for M cones, and 21.3 + 7.9 fA (n=8) for S cones. In comparison, goldfish
rods had a dark current of 9.2 + 2.8 pA (n=4), o of 14 + 4 photons pm™2 at A5, (N=4), and
a single-photon response of 1.00 + 0.30 pA (n=4). Thus, goldfish cone subtypes (with the
UV-subtype still unknown) were 50- to 500-fold less sensitive than goldfish rods.

Figure 5C shows incremental-flash-on-background experiments. In each cone subtype, flash
sensitivity decreases with background light intensity according to the Weber-Fechner law,
SplSP = 1,/(Ig+ 1,), where SP is flash sensitivity in darkness, Sgis flash sensitivity in
background light of intensity /g, and /, is background intensity that reduces flash sensitivity
by half. Collected results gave an /,of 21,739 £ 8,002 (h = 8), 1,049 + 348 (n = 6) and 791
+ 338 (n = 4) photons pm~2s™1 for L, M, and S cones, respectively. Converting them into
equivalent isomerizations gives ~42,000 + 15,000 isomerizations s™1 in L cones, 1,400 + 500
isomerizations s™1 in M cones, and 1,300 + 600 isomerizations s~1 in S cones. As such, this
is quite different from salamander cones, where, for example, the /, value for L cones is only
~1,200 isomerizations s~1 [6,12]. This large difference in /, appears to come mostly from

a difference in single-photon-response properties between salamander and goldfish cones.
The single-photon response of salamander L cones has an averaged time integral of 7.24 fC
[6,27], more than 20 times that of goldfish L cones (0.31 fC). Hence, a given background
light has a far stronger effect in salamander cones than in goldfish cones, resulting in a
smaller Weber constant /, in salamander cones. Such a disparity in /, value exists for the
same reason in some mammals, such as between primate and ground squirrel cones [46].

Given the /,values in goldfish L, M, and S cones being >10-fold higher than the

respective transduction noise (see previous section), dark apo-opsin activity is insignificant
in producing background-light adaptation, explaining why we did not use this phenomenon
for calculating apo-opsin content. Thus, apo-opsin in dark-adapted goldfish cones mostly
just reduces the probability of photon capture. We tested this possibility by measuring
dark-adapted sensitivity in intact goldfish L cones before and after applying exogenous
chromophore (STARXMETHODS) to regenerate any apo-opsin (Figure 5, D-G). We found
an increase in sensitivity with A1- or Ay- chromophore, giving ~25 + 12% apo-opsin

in dark-adapted L cones — broadly consistent with our micropectrophotometric data.
Likewise, we observed no obvious sensitivity decrease over time, starting at ~15 min

after cell dissociation into Ringer solution, prior to adding exogenous chromophore. We
did not perform these experiments in M and S cones, partly because of their scarcity

and the difficulty of sustaining stable recordings while applying chromophore. Given the
microspectrophotometric data, however, we do not expect any significant chromophore-
induced change in their sensitivity.

DISCUSSION

In this work, we found much higher constitutive cone apo-opsin activity than spontaneous
pigment isomerization in producing dark GTP-dependent transduction noise. This led

us to revisit past work on cone noise. Previously, another group studied salamander

cones with the truncated-cone preparation, but did not use it to extract dark-noise
parameters [6]. Instead, based on power spectral analysis of recorded noise from intact
salamander L cones, they estimated the total dark GTP-dependent transduction activity to
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be equivalent to ~600 isomerizations s~1 cell™! [6], attributing it entirely to spontaneous
holo-pigment isomerization. From our work here, however, this noise may mostly come
from constitutive apo-opsin activity instead. To check further, we made the following
calculations. Salamander L cone pigment, estimated at 2.7 x 108 molecules cell™1 in total
[12], comprises on average 48% Aj-component (A ;4 at 562 nm) and 52% A,-component
(A maxat 620 nm) [12]. Following the approach described in Results — predicting the
molecular rate constants of spontaneous isomerization for holo-pigments based on A«
[38] — we obtained, for salamander L cones at room temperature, ~4.4 spontaneous events
sec™1 for A;- and ~65.5 spontaneous events sec™1 for A,-pigment, thus altogether ~70
events s™L. For salamander L cone apo-opsin, constituting ~10% of total pigment [12], with
each molecule giving 1.67 x 107> dark equivalent isomerizations sec™1 [14], or ~451 dark
equivalent isomerizations sec™! overall. Thus, altogether, the total dark transduction activity
is ~(70 + 451) = 521 dark equivalent isomerizations sec™1, fairly similar to the ~600 events
sec™! derived from power spectral analysis [6]. It is also possible to calculate the noise
variance associated with this dark transduction activity, which also matches the reported
noise fairly well [6] (STARXMETHODS), supporting the notion that apo-opsin instead of
spontaneous isomerization may be the predominant noise source.

The above exercise highlights the potential ambiguity in power spectral analysis. It might
be argued that the unitary amplitude and waveform of the flash response should be

quite different from those of opsin-triggered events. However, this may not necessarily

be the case. It is now clear that, in rods, each active rhodopsin activates only 10-20 rod
transducin/PDE effector complexes [16,47]. In cones, the amplification factor in this step

is still unknown, but considering the overall photosensitivity being generally ~102 times
lower in cones than in rods [48] — indeed, 500 times lower specifically in goldfish L cones
(see Results) — it is not unthinkable that an active cone-pigment molecule activates on
average only around one, or lower, cone transducin/PDE effector complex. If so, the single-
photon response in L cones can only be described probabilistically, much like the situation
in olfactory transduction [49]. Furthermore, it is almost certain that cone apo-opsin’s
constitutive activity has very low gain, as found for rod apo-opsin which, when active,
leads at most to a single rod transducin/PDE effector complex [16]. Thus, constitutively
active holo-pigment and apo-opsin may produce unitary signals with similar or broadly
similar amplitudes and Kkinetics, rendering them potentially difficult to be distinguished
from each other with power spectral analysis or synaptic filtering. The similar signals from
photoexcited holo-pigment and from constitutive apo-opsin may also elevate the cone visual
threshold.

The substantial percentage (~30%) of apo-opsin in dark-adapted L-cones is surprising

and may call for a significant correction of previous microspectrophotometric
measurements. Such studies have traditionally overlooked apo-opsin’s presence,
consequently underestimating the overall pigment content. This correction is less important
for M cones and probably negligible for S cones. Obviously, it remains to be validated that
our findings in goldfish apply generally to other species, including mammals, and to A;- and
A,-chromophores.
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Given L-cone pigment’s significant tendency to dissociate spontaneously, it is surprising

in our microspectrophotometric experiments that the apo-opsin content of L cones did not
increase progressively with time after isolation from the retina and pigment epithelium

into chromophore-free saline (previously, we have found the same in salamander L cones
based on sensitivity measurements; see p. 882 in [12]). In principle, holo-pigment and
apo-opsin in cones should be in some dynamic equilibrium in darkness, with their ratio
being dependent on the free-chromophore pool accessible to the pigment. Our earlier finding
in salamander L cones has been that exogenously-applied excess 9-cis-retinal is able to
replace the endogenous chromophore with a time constant of ~160 min [12], suggesting that
endogenous chromophore dissociates from the holo-pigment at least as fast. To explain these
seemingly contradictory findings, we speculate that the endogenous chromophore, being
hydrophaobic, actually stays in close proximity once dissociated from a pigment molecule
and tends to rebind the apo-opsin afterwards. With excess exogenous chromophore around,
however, such as in a chromophore-exchange experiment, the exogenous chromophore
would readily out-compete the dissociated endogenous chromophore to lead to exchange.

In any case, it appears at least observationally that the L-cone apo-opsin content does not
increase after cell isolation, unless this happened and was complete in ~15 min, the earliest
time of sensitivity measurement (see Results).

Finally, we have quantified the constitutive molecular activity of goldfish L and M cone
apo-opsins. For L-cone apo-opsin, it is 1.08 x 10> equivalent isomerizations s~2, quite close
to the 1.67 x 107> equivalent isomerizations s™1 for photobleached opsin in salamander

L cones estimated by others using a different approach, both at room temperature [14].

For goldfish M cone apo-opsin, we found a molecular constitutive activity of 4.86 x 1076
equivalent isomerizations s, with no corresponding measurement in another animal species
available for comparison. The ~2-fold difference in molecular activity between L- and
M-cone apo-opsins probably should not be taken too literally at present; it may just reflect
measurement uncertainty. As for S apo-opsin, this parameter remains unknown.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, King-Wai Yau (kwyau@jhmi.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—Original data is available from the corresponding author on
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal experiments were conducted according to protocols approved by the Institutional
Animal Care and Use Committee at Johns Hopkins University. Goldfish (adult pond comets
measuring) were obtained from Ozark Fisheries (Stoutland, MO) and housed in an aquarium
under a 12:12 light:dark cycle. Determining the age of each goldfish is challenging because
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they are raised in a pond with fish of a range of ages. We used mature goldfish that were
identified based on their metallic orange color and length characteristic of adult fish (>5
inches long, >18 months old). Determining the gender of each goldfish is also subtle. In
general, male goldfish had a long and slender pectoral fin, while females had pectoral fins
that were short and more rounded.

METHOD DETAILS

Suction-pipette recordings—The night before an experiment, an individual goldfish
was kept in total darkness in a separate aquarium in the recording room. Goldfish eyecups
were stored in fish Ringer’s: (mM) 130 NaCl, 2.6 KCI, 1 MgCls, 1 CaCl,, 10 HEPES (pH
7.8), 0.02 EDTA, and 10 D-glucose on ice until use over many hours. When needed, a small
piece was cut from the eyecup, and the retina removed, chopped, and transferred to the
recording chamber perfused with fish Ringer’s. Suction-pipette recordings were performed
as previously described [38,40,50]. Briefly, guided by an infrared-sensitive camera, the outer
segment of an isolated single cone was drawn into a tight-fitting glass pipette coated with
tri-n-butylchlorosilane (Pfaltz and Bauer Inc., Waterbury, CT) and filled with fish Ringer’s.
Membrane current was measured with a current-to-voltage amplifier (Axopatch 200B; Axon
Instruments). Signals were low-pass filtered at 1 kHz and 20 Hz (RC filter; Krohnhite

3340) and sampled at 2 kHz. For synchronization with light stimuli, the 1-kHz channel was
compared with the 20-Hz channel in order to correct the time delay caused by filtering. All
experiments were performed at ~23°C.

Truncated-cone recordings—A glass probe was brought close to a cone held by its
outer segment and part of the inner segment in a suction-pipette electrode. A lateral stroke

of the glass probe sheared off most of the inner segment and the cell body of the recorded
cone. As a result, an open-ended outer segment/inner segment was obtained. Occasionally, a
second stroke was needed when the first trial failed. The open end of the outer segment/inner
segment was brought close to the outlet of a perfusion tubing array connected to multiple
solution reservoirs. Solenoid Valve (Lee Company) and ValveLink 8 (AutoMate Scientific,
Inc.) controlled solution switching and perfusion was driven by gravity.

The recording electrode was filled with (in mM): 130 NaCl, 0.05 CaCl,, 1 MgCl,, 10
HEPES (pH 7.8), 1 EGTA, and 10 D-glucose, with the calculated free [Ca%*] being 0.75
nM. The low Ca2* concentration in the pipette was intended for minimizing any Ca2*
influx through the CNG channels into the outer segment. The composition of the pseudo-
intracellular (bath) solution is: (in mM) 135 L-Arginine, 135 L-Glutamic Acid, 1 MgCl,,
0.66 CaCl,, 10 HEPES (pH 7.8), 1 BAPTA, with the calculated buffered free [Ca2*]
concentration of 390 nM, so chosen as to match the free Ca* concentration measured
optically in the intact salamander cone OS in darkness [51]. L-Arginine and L-Glutamic
Acid replaced NaCl and KCI to prevent activation of the sodium-calcium-potassium
exchanger current, which could complicate analyses of the cGMP-dissipation rate. GTP-
Mg?2*, ATP-Mg2* and cGMP-Na* were dissolved in water and freshly prepared. IBMX was
dissolved in DMSQO. The final concentrations of ATP, GTP and IBMX were obtained after
dilution with the pseudo-intracellular solution. The membrane potential was held at 0 mV.

Curr Biol. Author manuscript; available in PMC 2021 December 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo et al.

Page 13

Our truncated-cone experiments consisted predominantly of monitoring PDE activity by
measuring membrane current to indicate kinetic changes in cGMP concentrations, starting
with very high cGMP concentrations. As such, there were no steady-state current recordings
at low cGMP concentrations in darkness to be amenable to power spectral analysis for
comparison with previous work on cone noise. Additionally, in chromophore-treatment
experiments with intact L cones, we needed to focus on measuring dim-flash responses
within a narrow time window (5-10 min) before and after adding chromophore. Longer
recordings were complicated by changes in the dark current due to structural damage or
slight movement of the cell within the pipette, which precluded any meaningful analysis of
dark noise power spectra.

Cell identification and light stimuli—In goldfish, there are single cones and double
cones. Single cones consist of L, M, S, and UV cones. Double cones are a pair of L

and M cones. Identifications of cone subtypes were based on their spectral sensitivity: L,

M, S, and UV cones were most sensitive to wavelengths of 623, 537, 447, and 360 nm,
respectively [18,26]. Cones were stimulated with calibrated 10-ms flashes near their optimal
monochromatic wavelengths. Dim-flash responses were averaged from 40-60 repeated trials
and bright-flash responses were averaged from 10-20 repeated trials.

Estimating cellular thermal isomerization rates in dark-adapted goldfish L, M,
and S cones—The following calculations are based on the pigment-noise theory described
in [38]:

1) L cones: Amay =623 nm: £,= 0.84 x hc/A sy = 6.41 x 10723 kcal molecule™ = 38.6
kcal mol~1

T=296.15°K

exp[-E4(RT)] = 3.41 x 10729

—084he ., (0.84hc

m—1 -3
f2Ea=¢RThmax 231 Gr=T)1 m) =3.07x10

Pre-exponential factor (4) = 1.88 x 1074

Thus, molecular thermal isomerization rate constant = A x £z, = 5.78 x 1077 sec™!
molecule™?

Cellular pigment content = Outer-Segment Volume x Pigment Concentration (assuming 32%
apo-opsin content) = (2.02x10713 L) x (3.5 mMx0.68) x Nayggagro = 2.90 x 108 pigment
molecules

Therefore, cellular rate of thermal isomerization = Molecular rate constant x pigment
content = (5.78 x 10~/ isomerizations sec™ molecule™1) x (2.90 x 108 pigment molecules
cell1) = 167 thermal isomerizations sec™1 cell™?
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2) M-cones: Ay = 537 nm: £,= 0.84 X hc/A 5= 7.43 x 10723 kcal molecule™ = 44.8
kcal mol~1

T=296.15°K

exp[-E£4(RT)] = 9.42 x 10734

—0.84hc 1 ( 0.84h¢

ot m m-—1 -5
/> Ea=¢RTAmax 21 D1 RT/lmax) =474x 10

Pre-exponential factor (4) = 1.88 x 1074

Thus, molecular thermal isomerization rate constant = A x £z, = 8.91 x 1079 sec™!
molecule!

Cellular pigment content = Outer-Segment Volume x Pigment Concentration (assuming 3%
apo-opsin content) = (1.43x10713 L) x (3.5 mMx0.97) x Nayggagro = 2.92 % 108 pigment
molecules

Therefore, cellular rate of thermal isomerization = Molecular rate constant x pigment
content = (8.91 x 1072 isomerizations sec™ molecule™) x (2.92 x 108 pigment molecules
cell™1) = 3 thermal isomerizations sec™! cell™

3) Scones: Apay = 447 nm: £, =8.93 x 10723 kcal molecule™ = 53.8 kcal mol 1

T=296.15°K

exp[-E4(RT)] = 2.11 x 10740

—084he ., (0.84hc

m—1 -8
fZ Ea=9RT/1maX21 W m) =2.82x%x10

Pre-exponential factor (4) = 1.88 x 1074

Thus, molecular thermal isomerization rate constant = A x £, = 5.30 x 10712 sec™1
molecule™?

Cellular pigment content = Outer-Segment Volume x Pigment Concentration (unknown apo-
opsin content) = (1.72x10713 L) x (3.5 mM) x Aaypga0r0 = 3.63 x 108 pigment molecules

Therefore, cellular rate of thermal isomerization = Molecular rate constant x pigment
content = (5.30 x 10712 jsomerizations sec™! molecule™) x (3.63 x 108 pigment molecules
cell™1) = 0.002 thermal isomerizations sec™! cell1

Microspectrophotometry (MSP)—Optical density was measured on a previously
described instrument [52-54]. At the beginning of an experiment, a dark-adapted goldfish
retina was peeled from the retinal pigment epithelium, chopped and triturated in the
recording solution under infrared illumination. The solution containing retinal fragments
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as well as isolated intact cells was placed on a quartz coverslip window coated with
concanavalin A (Sigma-Aldrich) located at the bottom of a 2 mm-deep Plexiglass recording
chamber. Cells were allowed to settle and adhere to the quartz window for about 5 min.
Afterwards, the chamber was perfused at 4 mL/min with recording solution. A baseline
absorbance spectrum was measured from an area adjacent to the selected cell. The outer
segment was then brought into the beam path with the long axis of the slit oriented parallel
to the long axis of the outer segment, and an absorbance measurement in this area was made,
comprising four spectral scans. From these measurements, the dark-adapted optical density
was calculated according to Beer’s law. Afterwards, perfusion was paused and 11-c/s-retinal
(10-uM final concentration) was injected into the recording chamber and incubated with

the cell for 15 min before the optical density was measured again from the same cell.

The time lapse starting at the isolation of the retina from the retinal pigment epithelium

to the measurement of the absorption spectrum (prior to 11-cis-retinal addition) was noted.
Because of their orientation in the outer segments, visual pigments absorb maximally when
the polarization of the measurement beam was transverse (T, as opposed to longitudinal, L)
to the length of the outer segment. Thus, to increase the signal, the data from the L and M
cones were recorded in T-polarization. In the S cones where there is a significant overlap
between the pigment spectrum and that of free exogenous chromophore, we recorded in
both T and L polarization and analyzed the difference spectra (T minus L) between the two
polarizations. This method had the advantage that we could eliminate the absorbance from
free exogenous chromophore that absorbs equally in T and L polarization, but came with the
cost of an overall reduction in the signal.

Calculation of apo-opsin content in dark-adapted goldfish cones from MSP
measurements—Fractional apo-opsin content was calculated by first determining the
amount of apo-opsin regenerated into pigment by quantifying a cone’s difference

spectrum from microspectrophotometry [(post-chromophore-treatment spectrum) minus
(pre-treatment spectrum); see Results]. A measurable difference spectrum (positive values)
that could be fit with an A1 template [55] indicated an increase in photon capture from
newly-formed pigment. Part of the observed increase in photon capture was due to a
higher extinction coefficient of 11-c/s-retinal (A1) pigment relative to that of the goldfish’s
native 11-cis-dehydroretinal (A,) pigment [12,18,42]. As such, the difference spectrum
(representing Aq pigment) needs to be adjusted by multiplication with the A,/A1-extinction-
coefficient ratio [12]. It is generally thought that A, pigments have a molar extinction
coefficient of ~30,000 L mol~1 cm™1 based primarily on /n vitro measurements with
A,-based rhodopsin [42] and that the molar extinction coefficient of A;-based pigments

is ~42,000 L mol~1 cm™1 [56,57]. Thus, for adjustment, we multiplied the difference
spectrum’s peak optical density by the Ay/Aj-extinction-coefficient ratio (30,000/42,000 =
0.71). The fractional apo-opsin content was then calculated as the A;-pigment’s adjusted
peak optical density divided by the total peak optical density (i.e., A; pigment plus
endogenous A, pigment). Finally, to calculate the absolute number of apo-opsin molecules,
we multiplied the fractional apo-opsin content with the outer-segment volume of a goldfish
L or M cone (Table S1) and the packing density of visual pigment (nominally ~3.5 mM,
[18,43]).
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As a side note, it has been speculated [18] based on microspectrophotometry that the
goldfish L-cone pigment might have a slightly higher extinction coefficient (~40,000
Lmol~cm=1) compared to M- and S-cone pigments (~30,000 Lmol~1cm™1) despite all using
A, chromophore. This possibility was based on a theoretical approximation [58] and has

not been substantiated by standard methods [56]. If ~40,000 Lmol~cm™1 had been used in
our calculation of apo-opsin content in goldfish L cones, the resulting estimate of average
apo-opsin content in goldfish L cones would be even higher (~42% instead of ~32%).

Application of chromophore during suction-pipette recordings from isolated,
dark-adapted goldfish L cones, and calculation of apo-opsin content in them
—Chromophore (either A; or Ay) was applied to goldfish cones during a suction-pipette
recording experiment with the outer segment drawn into the pipette. To avoid adsorption
of the hydrophobic chromophore to plastic, we used stainless steel hypodermic tubing

and a custom-fabricated stainless-steel recording chamber. The chromophore (10-uM 11-c/s-
retinal A, or 11-cis-dehydroretinal Ay in Fish Ringer’s containing 0.1% lipid-free BSA)
was held in a glass syringe reservoir in darkness on the microscope stage until needed.

To apply chromophore, a 3-way valve was switched on to allow chromophore to flow

into the chamber until the chromophore solution had completely replaced the initial bath
solution (thus reaching 10-uM final concentration). Dim-flash responses were measured
before chromophore exposure and immediately after a 10-min exposure period.

The fractional apo-opsin content in the recorded L cones can be calculated in a similar
manner as for the microspectrophotometric experiments. Because apo-opsin’s constitutive
activity does not appear to trigger adaptation in goldfish cones (see Results), we can estimate
acone’s increase in photon capture directly from the chromophore-treatment-induced
increase in photosensitivity. We first determined the increase in 620-nm photon capture
from the change in absolute sensitivity (mean dim-flash response amplitude / flash strength)
quantified as [(post-chromophore-treatment sensitivity) minus (pre-treatment sensitivity),
see also Results]. A measurable increase in sensitivity indicated an increase in photon
capture from newly-formed pigment after regenerating the apo-opsin population present

in darkness. Unlike the full-spectrum measurements taken in microspectrophotometry
experiments, only 620-nm light was used to assess the change in physiological sensitivity.
In experiments with Aj-chromophore treatment, we needed to adjust the observed change
in 620-nm sensitivity to account for the blue-shifted A, of L-cone A pigment (562

nm, [12]) by multiplication with the 620-nm A,/A1-sensitivity ratio (1.67) and to account
for the difference in extinction coefficient between A; and A, pigment by multiplication
with the A,/Aq-extinction-coefficient ratio (0.71). Finally, fractional apo-opsin content

was calculated from the sensitivity increase (after 620-nm sensitivity ratio and extinction-
coefficient-ratio-adjustment) divided by total post-chromophore-treatment sensitivity (i.e.,
resulting from the sum of peak sensitivities from A; and A, pigments). In experiments with
A,-chromophore, the fractional apo-opsin content was directly evaluated from the increase
in sensitivity at 620 nm [i.e., (change in sensitivity from chromophore treatment) / (final
post-chromophore-treatment sensitivity)] because the newly-formed pigment had a A, and
an extinction coefficient identical to those of the goldfish’s endogenous A, pigment.
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Estimation of noise variance associated with dark transduction activity in
salamander L cones—The dark noise variance in salamander L cones was 0.18
pAZ [6]. To test the possibility that this noise consisted of apo-opsin signaling in
addition to spontaneous holo-pigment isomerization, we estimated the noise variance in
a salamander L cone as follows. According to Campbell’s theorem, the steady-noise
variance is equal to v x /[ f(t)]zdt and the steady-noise mean is equal to v x [ f()dt,
where 7{?) is the single-photon response waveform and v is the average frequency of
randomly-occurring events [59]. By expressing 7{)as a x £(1), where 7(r) is normalized
f(t) at transient peak and a s the single-photon response amplitude [16], we obtain;
Steady noise variance = Steady noise mean X a/[ff(t)dt/f[f(z)]zdt]

The denominator is called the “shape factor” and its value is mostly between 1 and 2 for
simple waveforms [59]. For simplicity, we use the value of unity (which would be the case
for a square wave). Thus, Steady noise variance = Steady noise mean x a = v [ f(t)dt X a.

As described in Discussion, then, for salamander L cones, with [ f(t)dr = 0.00724 pA-sec
and v =521 dark “equivalent” isomerizations sec™! (~4.4 A;-pigment isomerizations sec™1
+ 65.5 A,-pigment isomerizations sec™! + 451 “equivalent” isomerizations sec™! from
apo-opsin activity), and a= 0.04 pA (based on the approximate scenario in Discussion of
an equal unitary-response amplitude for the apo-opsin-triggered event and the single-photon
response). Thus, our estimated dark noise variance for salamander red cones is 521 events
sec™1 x 0.00724 pA-sec x 0.04 pA ~0.15 pA2, which is fairly close to the measured value of
0.18 pAZ? [6].

QUANTIFICATION AND STATISTICAL ANALYSIS

All values presented are meanS.D. For physiological recordings, data with obvious changes
in cell state during recording (e.g., abrupt shift in dark current or kinetics from mechanical
damage caused by the pipette) were excluded from analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. Described single-cell biophysical method for analyzing dark cone
transduction noise
. Dissected noise activity at each phototransduction step
. Dark apo-opsin activity is, surprisingly, even higher than dark pigment
activity
. Apo-opsin content is high in L, less in M, and unresolvable in S cones
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Figure 1. Truncated-cone recordings.
(A) Photomicrograph of a goldfish L cone with outer segment drawn into a suction-pipette

electrode. (B) For truncated-cone recordings, a glass probe was used to separate the cone
inner segment from the outer segment held in the pipette. After truncation, the intracellular
compartment could be dialyzed through rapid solution changes. (C-£) Membrane current
recorded from a truncated L (C), M (D) and S cone (£). The truncated cone was perfused
continuously with a pseudo-intracellular solution, followed by addition of 500-pM cGMP
which induced an inward current due to the opening of cyclic-nucleotide-gated (CNG)
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channels. Next, 15-uM GTP was added into the perfusion solution, leading to a large current
reduction in L cones (C), a small current reduction in M cones (D), but no detectable
reduction in S cones (£). In each cone subtype, the effects of cGMP and GTP could be
completely washed out. (F) ATP effect on dark GTP-dependent PDE activity. Addition of
1-mM ATP inhibited GTP-induced current reduction in an L cone, presumably by quenching
pigment activity via pigment phosphorylation.
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Figure 2. Quantification of dark PDE activity.
(A-O) Top, membrane current from a truncated L cone (A), M cone (B), and S cone (C)

induced by 3-mM cGMP. In L and M cones, the current decay after bath cGMP removal
was faster in the presence of 15-uM GTP, while in S cones, there was no detectable GTP-
dependent PDE activity. In each cone subtype, the current decay was dramatically slowed
down by addition of 1-mM IBMX, indicating substantial intrinsic PDE activity. (A-C)
Bottom, semi-log plot showing single-exponential decline of membrane current (shown in
Top panel) following each solution change. The semi-log slope values (dashed red line)

of the exponential declines were used to calculate the intrinsic dark PDE activity, the
spontaneous GTP-dependent PDE activity, and the cGMP diffusion coefficient for each cone
subtype (see Text and Table S1).
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Figure 3. Equivalent dark light for dark PDE activities.
(A) Left, in a truncated L cone, GTP-independent and GTP-dependent (in the presence of

15-uM GTP) current decay (after brief exposure to 3-mM cGMP) was first measured in the
dark. GTP-dependent current decay was then measured during exposure to steady light of
80 and 305 photons pm~2 s~1 at 620 nm, respectively. Right, the dark and light-induced
GTP-dependent PDE activities are plotted against light intensities. A linear fit gives an
abscissa intercept of —439 photons um~2 s71, corresponding to the equivalent dark light

of spontaneous GTP-dependent PDE activity in this particular L cone of 847 equivalent
isomerizations s (see Table S1 for effective collecting area). (B-D) Collected data from
measuring the equivalent dark light of spontaneous GTP-dependent PDE activity in L cones
(B), M cones (C), and S cones (D). Each set of symbols and linear fit represent a single
cone. See also Table S1.
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Figure 4. Apo-opsin content in dark-adapted goldfish cones.
(A) Optical-density measurements with microspectrophotometry on three individual dark-

adapted L cones before (black) and after (red) exposure to 11-cis-retinal (A1 chromophore).
(B, €) Corresponding experiments on three dark-adapted M and S cones, respectively.

The spectra represent absorbance in T-polarization for the L and M cones, and in T

minus L polarization for the S cones. (D) Collected data. 7gp, Peak optical density and
Bottom, calculated fractional apo-opsin content of dark-adapted L, M and S cones (see
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STARXMETHODS). The mean apo-opsin content across all cells is indicated by solid red,
green, or blue line for L, M, and S cones, respectively.
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Figure 5. Response properties of goldfish L, M and S cones and the effect of exogenous

chromophore.

(A) Intensity-response relations for L (red), M (green) and S cones (blue), and for rods
(black). Each symbol represents a single cell. The curves are fits with 7/r,,5=1d(c+/5)

to the ensemble data for each photoreceptor subtype, where rand r,,;4 are the transient-
peak amplitude and maximal peak amplitude of flash responses, respectively; o is the
half-saturating flash intensity, and /¢ is flash intensity. (58) Average single-photon responses
of L (red), M (green) and S (blue) cones. /nset, average single-photon response of rods
(black). Dim-flash response (averaged from 40-60 trials) is scaled to the average single-
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photon response calculated from /(A x /£), where ris the transient-peak amplitude of
ensemble average responses, A, is the effective collecting area (Table S1), /¢is flash
strength. (C) Left, Cone adaptation by steady light. Flash-responses elicited 5 sec after onset
of steady background light of different intensities. Right, Normalized incremental-flash
sensitivity as a function of background light intensity. 7op, middle, and bottom panels

are data from an L, M, and S cone, respectively. Curves are fits with the Weber-Fechner
Law /,is a constant corresponding to a light intensity that reduces sensitivity by one-half.
(D-G) The physiological effect of regenerating apo-opsin in dark-adapted cones. (D) Dim-
flash responses of three dark-adapted L cones before (black) and after 4-min exposure

to A, chromophore (10-uM 11-c/s-dehydroretinal, red). (£) Corresponding experiments
with A1 chromophore (10-uM 11-cis-retinal, purple). (F) Collected data showing the

effect on sensitivity for each cell exposed to A, (red) or Aq (purple) chromophore. (G)
Calculated apo-opsin content based on the increased sensitivity shown in () and after
adjusting for the different light-absorption characteristics of A; versus A, chromophore (see
STARXMETHODS). See also Table S1.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins
Lipid-free Bovine Serum Albumin | Sigma-Aldrich A6003

11-cis-retinal

National Eye Institute, Laboratory of Masahiro Kono, Medical University of South
Carolina

11-cis-dehydroretinal

Laboratory of Masahiro Kono, Medical University of South Carolina

Experimental Models: Organisms/Strains

Goldfish

Ozark Fisheries

Pond Comets

Software and Algorithms

pClamp 10 Molecular Devices 10.5.2.6
Igor Pro WaveMetrics 6.11
OriginPro OriginLab Corporation 2020
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