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An intrinsic compartmentalization code for
peripheral membrane proteins in photoreceptor

neurons

Nycole A. Maza»?@®, William E. Schiesser? and Peter D. Calvert"?®

In neurons, peripheral membrane proteins are enriched in subcellular compartments, where they play key roles, including
transducing and transmitting information. However, little is known about the mechanisms underlying their
compartmentalization. To explore the roles of hydrophobic and electrostatic interactions, we engineered probes consisting
of lipidation motifs attached to fluorescent proteins by variously charged linkers and expressed them in Xenopus rod
photoreceptors. Quantitative live cell imaging showed dramatic differences in distributions and dynamics of the probes,
including presynapse and ciliary OS enrichment, depending on lipid moiety and protein surface charge. Opposing extant
models of ciliary enrichment, most probes were weakly membrane bound and diffused through the connecting cilium without
lipid binding chaperone protein interactions. A diffusion-binding-transport model showed that ciliary enrichment of a rhodopsin
kinase probe occurs via recycling as it perpetually leaks out of the ciliary 0S. The model accounts for weak membrane binding
of peripheral membrane proteins and a leaky connecting cilium diffusion barrier.

Introduction

Neurons are highly polarized cells with distinct domains that
receive and transmit signals. Proper function of neurons thus
relies on correct distribution of proteins into functional com-
partments. Defects in protein trafficking are associated with
devastating neurodegeneration or dysfunction. The mechanisms
underlying the differential distribution of proteins in neurons
are, thus, of fundamental importance. Trafficking of intrinsic
membrane proteins has been well studied (reviewed in Bentley
and Banker, 2016). How compartmentalization of peripheral
membrane proteins (PMPs) is achieved, however, is poorly
understood.

Posttranslational lipid modifications have emerged as an
important mechanism for PMP localization to specific com-
partments (El-Husseini et al., 2000; Kerov et al., 2007). Three
main types of protein lipidation are myristoylation, prenylation,
and palmitoylation. In neuronal protein trafficking, the role of
reversible protein palmitoylation is the most well characterized
(reviewed in Fukata and Fukata, 2010). Less is known about the
roles of N-terminal acylation and prenylation, irreversible forms
of lipidation, in targeting PMPs to their functional compart-
ments. In vitro, prenyl and acyl lipid modifications impart

relatively weak membrane association on their own (Peitzsch
and McLaughlin, 1993). Other properties of PMPs, including
surface charge and/or association with other intrinsic cell
structures, are needed to provide significant membrane associ-
ation (Hancock et al., 1990; Murray et al., 1997; Resh, 2016).
However, it is not known if acyl or prenyl moieties and surface
charge are sufficient, on their own, to produce differential
compartmentalization of PMPs in living neurons, or how this
localization occurs.

In this study we addressed the roles of prenylation, acylation,
and electrostatic charge on the subcellular enrichment and dy-
namics of PMPs in a sensory neuron, the retinal rod photore-
ceptor. Rods have three main compartments—the ciliary outer
segment (OS), which is packed with membranous discs and
phototransduction proteins, the presynaptic spherule, and the
cell body. Targeting of some intrinsic membrane proteins to the
0S and cell body has been addressed (Baker et al., 2008; Deretic
and Wang, 2012; Lodowski et al., 2013; Wang and Deretic, 2014).
However, aside from several studies examining the roles of lipid
binding chaperone (LBC) proteins (Zhang et al.,, 2011, 2012;
Thomas et al., 2014; Hanke-Gogokhia et al., 2016; Rainy et al.,
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2016), the mechanisms underlying the subcellular localization of
PMPs to specific rod compartments are not known. Here we
show that lipid modification and nearby electrostatic charge
alone result in dramatic differential distribution of PMPs, and
we propose a mechanism for regulating their enrichment
within, or depletion from, photoreceptor cilia. Lipid moiety and
surface charge thus constitute an intrinsic compartmentaliza-
tion code for PMPs in photoreceptors.

Results
Lipid modification and surface charge alone lead to
compartment enrichment of PMPs in rods
To evaluate the roles of lipid modification and protein surface
charge on PMP distribution in rods, we engineered fluorescent
protein probes consisting of short peptides containing different
lipidation motifs and charged or neutral amino acids, fused to
EGFP or its photoactivatable variant, PAGFP (Fig. 1 A). The
probes did not contain known binding motifs for photo-
transduction or LBC proteins so that the distribution patterns
observed upon expression in Xenopus laevis rods would be the
result of probe electrostatic and hydrophobic interactions with
cell structures. Three probes derived from endogenous lipidated
proteins, the a and y subunits of the G protein supporting
phototransduction, transducin (Ta and Ty), and rhodopsin ki-
nase (GRK1), the G protein receptor kinase involved in halting
phototransduction, were generated as well. Distributions of the
probes were evaluated by confocal imaging of live retinal ex-
plant slices (Fig. 1, B and C). Fig. 1 D shows the structures of the
lipid moieties appended to the probes and estimates of their
membrane binding energies and dissociation constants.
Remarkably, the probes displayed highly divergent distri-
bution patterns among the rod compartments (Fig. 2, A and B).
Relative enrichment of the probes within the two major func-
tional compartments, the ciliary OS and the synapse, were
quantified next (Fig. 2 C). Non-lipidated, neutrally charged
probe (NLO) served as a benchmark, accounting for effects of
protein size and steric interactions (Najafi et al., 2012). Positive
charge-bearing prenylated probes were enriched within the
synapse to a degree that depended on charge magnitude, with
enrichment of +8 probes reaching >10-fold. Acylated probes, on
the other hand, showed no significant difference in the synapse/
OS ratio, regardless of linker charge (Fig. 2 C). Controls showed
that probes with charged linkers and no lipid did not result in
synaptic or OS enrichment (Figs. 2 B and 3 A) and that the ad-
dition of 21 amino acid linkers to C or N termini of EGFP did not
impact the distribution (Fig. S1). Dramatic differences in the
enrichment of PMPs between the two major functional rod
compartments thus appeared to be encoded by lipid modifica-
tion and protein surface charge alone.

Synaptic enrichment of positively charged prenylated probes
is the result of OS depletion

To obtain a finer grain view of the differences in compartment
enrichment, we evaluated probe distribution profiles within five
subcellular domains: the synapse, nucleus, myoid, ellipsoid, and
OS (Fig. 3). NLO was broadly distributed throughout the cell,
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with the synaptic, nucleus, and myoid regions approximately
uniformly filled and the ellipsoid and OSs containing twofold or
lower fluorescence (Fig. 3 A), in agreement with our previous
results (Peet et al., 2004; Calvert et al., 2010; Najafi et al., 2012).
The distributions of the prenylated probes, on the other hand,
were not uniform (Fig. 3, B and C). The concentration of prenyl
probes was significantly lower in the nucleus than in any of the
other cell body/inner segment (IS) compartments, a result that
holds for all the lipidated probes in this study. Importantly, the
distribution patterns did not change over at least a decade of
expression (Fig. S2), indicating that differences were not due to
saturation of binding or other nonspecific interactions.

The OS concentrations of prenylated probes with positively
charged linkers were more than fivefold lower than the IS
concentrations (Fig. 3 B). The concentration in the synapse was
slightly higher on average than the myoid or ellipsoid. The
neutral or negatively charged prenylated probes were present in
the OS at higher concentrations (Fig. 3 C). Neutral probes often
appeared in a concentration gradient from OS base to tip, and
synaptic enrichment was less prominent.

To quantify the differences in distribution among the major
rod compartments, we chose to compare the concentrations of
the probes relative to the myoid, which serves as the protein
synthesis and processing center of rods (Fig. 3, D and E). We
refer to the concentration ratios as the OS (OSEI) or synapse
enrichment indices (SynEI). Remarkably, positive prenyl probe
OSElIs were seven-, five-, and threefold below that of NLO
(Fig. 3 D) and thus were depleted from the OS.

Nearly the opposite pattern was found for synaptic enrich-
ment. SynEls for positively charged prenyl probes were ~1.6-
fold greater for the +8 probes and 1.2-fold for the Far+4 probe,
values that were significantly different from NLO. SynEls for
negatively charged probes were not significantly different from
NLO (Fig. 3 E). Of note, the magnitude of the SynEls, maximally
1.6, was significantly below the up to sevenfold OS depletion.
These results show that the >10-fold enrichment of positively
charged prenylated probes in the presynapse relative to the OS
was mostly due to depletion of the probes from the OS.

Positively charged prenyl probes are enriched in the IS plasma
membrane, apical membrane region, and

perinuclear membrane

In addition to enrichment in the synaptic spherule, prenyl +8
probes appeared to be enriched in multiple IS membrane domains,
including the plasma membrane and perinuclear membranes
(Fig. 4 A). Fluorescence signal from the plasma membrane of the
0S, however, was notably absent.

Curiously, the region of the OS-IS junction appeared to be
particularly enriched with the +8 prenyl probes (Fig. 4 A,
arrowheads). We wondered if this enrichment indicated that the
apical membrane of the IS compartment served as a sink for +8
prenyl proteins, which might be involved in the OS depletion
mechanism. The OS-IS junction, however, is a densely packed
structure with apical membrane, connecting cilium, calycal
processes (CPs), nascent discs, mitochondria, and mature discs
(Fig. 2 A), all within a few hundred nanometers. With a reso-
lution limit of ~240 nm, confocal microscopy does not allow
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Figure 1. Expression and quantification of fluorescent probes in rods. (A) Amino acid sequences of PMP probes. (B) Transmission image of retinal slice
preparation. (C) Confocal image in XY and XZ of a live rod expressing EGFP. Colors are a heat map: red is highest fluorescence, blue is lowest. Axial intensity
values (lower panel) were taken along black lines. (B and C) Scale bars, 10 um. (D) Structure, name, binding energy, and estimated membrane affinity of the
lipid groups. The myristoylation motif results in heterogeneous acylation in retina, with four acyl varieties. In mammalians, the proportions are 55% C14:2, 20%
C12:0, 16% C14:1, and 8% C14:0, as determined from mass spec of Ta (Kokame et al., 1992; Neubert et al,, 1992; Johnson et al., 1994; Neubert and Hurley, 1998;
Lobanova et al., 2007). Throughout, Myr refers to the myristoylation motif and acyl refers to lipids. Two Kgs are given for prenyls, with that for carbox-
ymethylated appearing in parentheses. Binding energies and membrane affinity estimates were based on in vitro partitioning experiments (Peitzsch and
McLaughlin, 1993; Silvius and 'Heureux, 1994).

absolute identification of which of these structures contain the examining broken OS-IS where some of the CPs are displaced
probes; however, closer examination gives some important clues. ~ (Fig. 4 C). This shows that some of the OS-IS junction signal

3D image stacks show that CPs are fluorescent (Fig. 4 B, comes from the CPs that are contiguous with the apical mem-
arrowheads; Videos 1, 2, and 3), an observation bolstered by brane. To evaluate if the OS-IS junction signal represented a
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Figure 2. Lipidation and surface charge, alone, drive compartmentalization of PMPs. (A) Schematic of amphibian rod. S, Synaptic spherule; Ax, axon; N,
nucleus; M, myoid; E, ellipsoid; ND, nascent discs; CC, connecting cilium; DM, mature disc membranes; and PM, plasma membrane. Cyan: Apical membrane.
NDs are open to the extracellular milieu and contiguous with the CC and PM. DMs are enclosed within and separate from the OS PM and each other.
(B) Confocal images of rod cells expressing PMP probes. Scale bars, 10 um. (C) Box-whisker plots of average fluorescence in synapse divided by average
fluorescence of OS. In all box-whisker plots, circles represent individual cells, red line is median, box limits are 25th and 75th percentiles, whiskers are in-
terquartile range, excluding outliers (+), and green asterisks are means. Presence of differences among all probes was tested by one-way ANOVA, a = 0.05.
Black asterisks indicate significant differences from NLO, determined by Tukey-corrected post hoc two-tailed t test. n for each construct: GG+8, 14; Far+8, 13;
Far+4, 21; NLO, 29; Myr+8, 27; Far-8, 16; ctTy, 17; GG-8, 22; Far0, 42; GGO, 20; Myr-8, 15; ntTa, 18; MyrO, 28; and GRK1ct18, 30. ns, not signiﬂcant‘

structure larger than the apical membrane, we analyzed the center of the photoreceptor (Fig. 4 D). On average, the full width
0S-IS enrichment bandwidth (Fig. 4 D). Intensity profiles of at half maximal (FWHM) fluorescence was 726 + 113 nm for
rods expressing Far+8 and GG+8 probes were collected along a Far+8 and 970 + 84 nm for GG+8, more than threefold larger
computer-generated line that extended axially, through the 3D  than the FWHM of the point spread function (psf) intensity
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Figure 3. Distribution of prenylated probes dependds on linker charge. (A-C) Upper panels, representative confocal images. Scale bars, 10 um. Lower
panels, average compartment fluorescence normalized to total cell fluorescence. (D) OSEI, defined as the ratio of average OS fluorescence to average myoid
fluorescence, Fos/Fu. (E) SynEl, defined as ratio of average synaptic fluorescence to average myoid fluorescence, Fy,n/F. (D and E) Lower panels are sig-
nificance tables. *, P = 0.05; NS, not significant. Box fills as in Fig. 2 C key. Box-whisker plots as described in Fig. 2. n for each construct: NL+8, 14; NLO, 13; NL-8,

17; GG+8, 14; GGO, 20; GG-8, 22; Far+8, 13; Far+4, 21; Far0, 42; and Far-8, 16.

profile, thus showing that the fluorescence signal at the OS-IS
junction cannot come from the apical membrane alone.

No structure in the OS-IS junction region, except for the nascent
disc membranes that form at the OS base and the fully formed discs
enclosed within the OS plasma membrane possess such a flattened
shape. Thus, the prenyl +8 probes likely enter the connecting cilium
compartment and fill the nascent discs, which extend ~100-300
nm above the apical membrane (Besharse et al., 1977)—and likely
some of the isolated discs within the OS plasma membrane. Further
evidence that small amounts of the probe are present in the OS discs
comes from analysis of the fluorescence distribution along the full
length of the OS (Fig. 4 E). The fluorescence signal is higher
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proximal to the OS-IS junction and tapers downward along ~10 pum
of the OS (Fig. 4 E, left panels). This pattern is clearly distinct from
that of NLO and other lipidated probes, where the OS distribution is
more uniform (Fig. 4 E, right panels).

It was surprising that +8 prenyl probes were enriched in
discs at the base of the OS and do not reach more distal discs.
Physically, there are few possible mechanistic explanations: +8
prenyl probes either have a nonuniform pattern of relatively
high-affinity binding sites in the nascent and basal OS discs, or
there is an active mechanism removing the probe from the OS.
To distinguish between these possibilities, we examined the
mobility of the +8 prenyl probes in the OS-IS junction and
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Figure 4. Positive prenylated probes are enriched in the cell body PM, perinuclear membranes, and the 0S-IS junction. (A) Representative confocal
images. Scale bars, 10 um. Arrowheads: 0S-1S junction. (B) 3D renderings of the Far+8 rod shown in A, at different angles (see angle indicators). Green: 50th
percentile, red: 90th percentile intensities. White arrowheads: CPs (Videos 1, 2, and 3). Scale bar, 5 um. (C) Confocal images of broken 0S-IS showing
fluorescence-containing CPs separated from OS. Scale bars, 5 um. (D) OS-IS junction enrichment width estimate. Upper panel: Confocal image of Far+8 rod in
A with OS-IS junction expanded. Scale bar, 5 pm. Middle panel: Fluorescence intensities as a function of axial distance; zero is the OS-IS junction. Arrowheads
show half maximum fluorescence. Bottom panel, Junction widths for Far+8 and GG+8 cells were not different as determined by two-tailed T test assuming
equal variance. Box-whisker plot as described in Fig. 2. n for each construct: Far+8, 9; and GG+8, 12. (E) Fluorescence as a function of distance within the OS.
Left panels: Representative profiles from positive prenylated probes. Right panels: OS distributions of other PMPs. (F) FRAP of Far+8 in the synapse. Red box:
Spherule region of interest (ROI); yellow box: OS-IS junction ROL. Scale bar, 5 um. (G) Time course of synapse fluorescence recovery and OS-IS junction

fluorescence loss.

synapse. We reasoned that if the probes were localized to the
basal discs due to high-affinity binding, then the probe found in
the OS-IS junction would be poorly exchangeable with probe in
other regions of the cell body. We found that the synaptic region
rapidly recovered after photobleaching, with a t;/; of ~2 min,
and that this recovery was mirrored by a decline in signal at the
OS-IS junction (Fig. 4, F and G). Thus, Far+8 at the OS-IS
junction and the synaptic region are rapidly exchangeable, and
binding to these structures is relatively weak.

Distribution and transport of prenylated probes does not
require association with the prenyl binding/chaperone

protein, PrBP&

The prenyl binding protein, PrBP§, has been implicated in the
OS transport and localization of PDE6a,B subunits (Zhang et al.,
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2007; Hanke-Gogokhia et al., 2016; Wright et al., 2016) and GRK1
(Zhang et al., 2007), all of which are prenylated PMPs. We thus
explored the possibility that PrBP3 binding to the prenylated
probes solubilizes them for transport across the connecting cil-
ium diffusion barrier. A GFP trap assay, however, failed to pull
down PrBP3 with any of the engineered prenyl probes exam-
ined, despite identifying it in the input and flow-through (Fig. 5,
A-C).

We next examined the distribution and PrBPS association of a
probe containing the 18 N-terminal amino acids of GRKI. In-
terestingly, the OS enrichment index of ~4.5 for EGFP-GRK1ct18
shows that it was highly enriched in the OS compartment (Fig. 5,
D and F). The OS enrichment of full-length GRK1 has not pre-
viously been determined. However, our analysis of immuno-
histochemical staining of GRK! in mammalian photoreceptors
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Figure 5. Prenylated PMP transport to OS does not require association with LBC protein, PrBP8. (A-C) GFP trap of prenylated probes fail to pull down
PrBPS. Western blots probed with anti PrBP§ antibody. (D and E) Upper panels: Representative confocal images of GRK1 and Ty probes. Scale bars, 10 pm.
Lower panels: Normalized compartment distributions. (F) OSEls showing higher OS enrichment of GRKL Significance table: P < 0.05; NS, not significant.
(G and H) GFP trap of GRK1 and Ty probes show that GRK1ct18 associates with PrBPS while Tyct15 does not. Box-whisker plots as described in Fig. 2. n for
each construct: GRK1ct18, 30; Tyctl9, 17; Far0, 42; and NLO, 29. (A-C, G, and H) MW, molecular weight markers; |, input; FT, flow through; and E, eluate.

(Zhao et al., 1998; Grossman et al., 2011; Osawa et al., 2011)
showed a range of two to four for the OSEI, in reasonable
agreement with the enrichment of EGFP-GRKIctl18. Our results
thus show that the N-terminal 18 amino acids of GRK1 are suf-
ficient to encode GRK1 OS enrichment.

GFP trap of EGFP-GRKIctl8 quantitatively pulled down en-
dogenous X. laevis homologue of PrBPS (Fig. 5 G). In contrast, a
farnesylated probe containing the 19 N-terminal amino acids of
transducin y, EGFP-Tyct19, like the other engineered Far probes,
failed to pull down endogenous PrBPS (Fig. 5, A-C and H), and its
distribution was not different from NLO (Fig. 5, E and F), in
agreement with previous reports in PrBP§ knockout mouse
(Zhang et al., 2007). These results directly show that PrBP8
interaction with GRK! is necessary for its OS enrichment.
However, PrBPS is not necessary for prenylated proteins to gain
access to the ciliary OS compartment.

Acylation leads to probe enrichment within the 0S
independent of linker charge or association with Unc119

We next examined the enrichment of acylated probes in the OS
and synapse compartments relative to the myoid (Fig. 6). All
Myr probes were significantly enriched in the OS, relative to
NLO, regardless of linker charge (Fig. 6, A and C). MyrO had the
highest OSEI at 2, and Myr+8 and Myr-8 were approximately
equally OS enriched with OSEI ~1; NLO OSEI was 0.45 (compare
Fig. 3, A and D). The distribution of ntl6Ta-EGFP was not sig-
nificantly different from Myr+8 or Myr-8 (Fig. 6, B and C). Myr0
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had a significantly higher OSEI than Myr+8, Myr-8, and nt16Ta-
EGFP (Fig. 6 C).

Except for Myr+8, the SynEIs for all Myr probes was ~0.75,
not different from NLO (Fig. 6 D). At ~1.6, Myr+8 SynEl was
significantly higher, showing that positive charge on a myr-
istoylated PMP can lead to synapse enrichment. However, none
showed significant preference between the major rod com-
partments (OS and synapse; Fig. 2 C). This result shows that in
order for myristoylated PMPs to be enriched in one or other of
the major functional compartments, an active process of en-
richment or depletion of probe would be required, as observed
with the prenyl probes.

Previous studies have implicated an acyl binding protein,
uncoordinated 119 (Uncl19), in the transport and OS enrichment
of Ta (Zhang et al., 2011). We were somewhat surprised that the
ntl6Ta probe was not enriched in the OS beyond the generic
Myr probes (Fig. 6, B and C). Thus, we wondered whether the
Uncll9 mechanism was operating in frog rods. A search of
Xenbase showed that the X. laevis genome possesses two ho-
mologues, one to Uncl19 and the other to Uncl19b (Xenbase gene
IDs: XB-GENE-6487917 and XB-GENE-17343734, respectively),
with ~80% homology to mouse Uncll9. However, Western blots
of X. laevis retina extract with three Uncll9 antibodies failed to
identify xUncl19, showing that either it was not expressed in
retina or the antibodies did not cross-react. To distinguish be-
tween these possibilities, we performed mass spectrometry
protein identification on the 25-30 kD MW region of retinal
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Figure 6. Myristoylated probes are enriched in the OS regardless of linker charge. (A) Upper panels: Representative confocal images of rods expressing
Myr probes. Lower panels: Compartment distribution profiles. (B) Confocal image and compartment distribution profile of Tant16. (A and B) Scale bars, 10 um.
(C) OSEls of myristoylated probes. Box-whisker plots as described in Fig. 2. Significance table shows that all probes had significantly higher OSEIs than NLO.
(D) SynEls show that Myr+8 is the only presynapse enriched probe. Significance tables: P < 0.05; NS, not significant. n for each construct: Myr+8, 27; Myr0, 28;

Myr-8, 15; and Tant16, 18.

extract run on SDS PAGE. xUncl19 was identified in this band,
showing that it is indeed expressed in X. laevis retina (Table S1).

We examined GFP trap pulldowns of probes with mass
spectrometry protein identification. GFP trap from retinas ex-
pressing MyrO-EGFP failed to pull down xUncll9 (Table S2),
while xUncl19 was identified in nt16Ta-EGFP pulldowns (Table
S3). Thus, Myr0O probe was not a significant binding partner for
Uncl19. Importantly, the mass spec analysis of the MyrO-EGFP
probe GFP trap eluate contained ~1,500 different proteins, from
virtually every membrane compartment, including synaptic
vesicles, IS plasma membrane, OS plasma membrane, mito-
chondria, lysosomes, and disc membranes. Despite this rich
trove of proteins, no other known or putative LBC proteins were
identified (Table S2). Thus, acylated probes enter and become
enriched within the OS without Uncl19 interactions, in agree-
ment with Uncl19 knockout studies in mice (Zhang et al., 2011),
and without interactions with other LBCs. Moreover, the lack of
OS localization of the nt16Ta-EGFP probe directly shows that
Uncll9 association alone is not sufficient for strong OS enrich-
ment of Ta.

Binding affinity to disc membranes is not sufficient for
localizing PMPs to the OS

Extant models for ciliary enrichment of lipidated PMPs suggest
that LBC proteins solubilize the PMPs, allowing them to diffuse
in the cytoplasm between ER/Golgi and carrier vesicles, or to
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diffuse directly into the ciliary compartment, where they are
then released onto the vesicle or disc membranes (Hanke-
Gogokhia et al., 2016; Wright et al., 2016). These models as-
sume that the PMPs tightly bind to target membranes and that
the localization is the result of local binding sinks. While such
mechanisms are consistent with LBC knockout experiments
(zhang et al., 2007; Hanke-Gogokhia et al., 2016; Wright et al.,
2016), the central premise of the mechanism, tight membrane
binding, has not been directly tested. We reasoned that because
the rod OS disc membranes are isolated from the plasma
membrane, and from each other, the mobility along the length of
the OS compartment would be a direct measure of the affinity of
the probe for disc membrane. Thus, to test the idea, one need
only examine the mobility of the probes along the OS com-
partment length and compare them to the mobility of unmodi-
fied E/PAGFP. The geometry of the OS makes it an ideal, and
perhaps the only in vivo model for assessing the ciliary mem-
brane affinity of PMPs.

PAGFP or EGFP probes expressed in rods were photo-
activated or photobleached in patches of arbitrary size along the
0S length, and the redistribution was followed over time (Fig. 7,
A and B). To quantify the mobilities of the probes, we fitted the
relaxation time courses to a bounded diffusion model (Theory,
see Calvert et al., 2010). Diffusion coefficients along the length of
the OS, Dos, were estimated by root mean square error mini-
mization (Fig. 7, B and C). Surprisingly, Dos of GRKct15-EGFP
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Figure 7. OS mobility shows low affinity binding of
prenylated probes to disc membranes and that
binding affinity of myristoylated probes scales with
charge. (A) Representative time course images of FRAPa
or FRAPb experiments. Pre-blast images: Distributions
before two-photon photoactivation or photobleaching.
Scale bars, 10 um. (B) Time courses of fluorescence
relaxation at the center of the photoconversion sites
fitted with a 3D cylindrical diffusion model, magenta
lines. Black lines: Data-model difference. (C) Root-
mean-square (RMS) errors plotted against D. red circle
indicates D with lowest error, and value shown above
plots. (D) Bar chart of average Doss. Error bars are SEM.
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was not significantly different from that of Far0, and only ap-
proximately twofold lower than unmodified E/PAGFP (Fig. 7 D).
Thus, GRKctl5 binds to disc membranes with approximately
the same low affinity as FarO, a probe that does not localize to
the OS.

The affinity of Myr probes for the OS disc membranes
differed up to fourfold depending on linker charge, with the
Myr8+ having the highest affinity, and thus the lowest Dog, and
Myr8- the lowest affinity and the highest Dos (Fig. 7 D). The
OSEI did not, however, follow the disc affinities of the probes.
MyrO was significantly more OS enriched than either Myr+8 or
Myr-8, which were enriched to approximately the same extent.
Thus, OS enrichment of acylated probes did not appear to result
from affinity to disc membranes.

Previous studies in mammals have shown that the myr-
istoylation motif found on Ta leads to heterogeneous acylation
(mostly C14:2 and C14:1/C12:0) (Kokame et al., 1992; Neubert
et al., 1992; Johnson et al., 1994; Neubert and Hurley, 1998;
Lobanova et al., 2007), although in frogs To possessed Cl4:
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2 only. Among these lipids, C14:2 has the lowest affinity
for membranes, on par with that of FarO (Peitzsch and
McLaughlin, 1993; Silvius and I'Heureux, 1994). Cl4:1 and
C12:0 have equal, approximately fivefold higher affinity than
C12:2. The affinity of C14:0 is fivefold higher again. Dos for
MyrO0 in our study was approximately four- to fivefold lower
than that of Far0 (Fig. 7 D), and the relaxation of the photo-
conversion field in FRAP experiments was well fitted as-
suming a single diffusion coefficient. Thus, the Myr probes in
our study were predominantly modified with C14:1 and/or
C12:0 acyl lipids.

The connecting cilium is a leaky barrier to PMP diffusion

An alternative to the tight binding sink mechanism for retaining
PMPs in the OS may be restriction of movement through the
connecting cilium by means of a diffusion barrier. Diffusion
barriers for intrinsic membrane and soluble proteins at cilia
transition zones have been proposed by several groups (Sorokin,
1962; Spencer et al., 1988; Vieira et al., 2006; Geneva and Calvert,
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Figure 8. Lipidated probes move through the connecting cilium via
impeded diffusion. (A and C) Time course images of PAGFP or Far0-PAGFP
flux into the IS. Vertical lines indicate the OS-IS junction. At time zero, PAGFP
was activated by two photon scanning over 70-80% of the OS. ROls were
drawn to find cos (ROIL), ¢;s (ROI2); and Mis (ROI3; Eq. 1). Scale bars, 10 um.
(B and D) Flux normalized to OS-IS concentration gradient (grad [0S-IS]).
Line is linear regression. Dcc was estimated according to Eq. 1. (E) Average
Dccs; error bars: SEM. Asterisk indicates Dcc of PAGFP was significantly
higher than those of the lipidated probes at P = 0.05, as determined by two-
tailed t test.

2010; Hu et al., 2010; Kee et al., 2012; Endicott and Brueckner,
2018). Although we have previously demonstrated that soluble
proteins up to ~80 kD can pass through the rod connecting
cilium (Najafi et al., 2012) and it was later shown that the
transition zone of primary cilia appears permeable to proteins
up to ~80 kD (Breslow et al., 2013), the permeability of PMPs
through the cilium base has not been previously examined. We
thus quantified PMP transport through the connecting cilium
using analysis of ciliary protein flux (Calvert et al., 2010; Fig. 8).
PAGFP probes expressed in rods were photoactivated within the
ciliary OS, and their equilibration throughout the rod was
monitored over time (Fig. 8, A and C). The flux of protein
through the connecting cilium was measured and normalized to
the concentration gradient of the photoconverted molecules
from the OS to the cell body. This approach allows a direct es-
timation of the diffusion coefficient through the connecting
cilium as follows.

Rearrangement of Fick’s first law yields a normalized flux
term, nFlux,
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where dM;s /dt is the flux of molecules from the OS, through
the connecting cilium and into the IS, [cos(t) - cis(t)] is the
time varying concentration gradient, Dcc is the effective dif-
fusion coefficient through the connecting cilium for the mo-
lecular species, and % is the ratio of the area of cross-section,
A, and the length of the connecting cilium, . nFlux is time
invariant if transport is via simple diffusion. The magnitude
of Dcc may then be obtained based on measured nFlux and
estimates of Acc and l¢c from published EM studies (Calvert
et al., 2010). The entire cross-section of the CC is used in Acc
estimation, so the effective D¢¢ reflects any tortuosity, other
properties of the axoneme, or other ciliary contents that may
impact free diffusion.

nFlux was time invariant for all of the engineered lipidated
probes we analyzed (Fig. 8 D), showing that their transport
through the connecting cilium was via simple diffusion. D¢ of
PAGFP-OFar, Myr-8-PAGFP, and MyrO-PAGFP were 10-fold
lower than that of unmodified PAGFP (Fig. 8 E), indicating
that the permeability of the connecting cilium to the lipidated
probes was significantly lower than that of the unmodified
PAGFP. This difference cannot be attributed to binding of probes
to OS disc membranes alone since Dps of Far0 and Myr-8 were
only approximately twofold lower than that of PAGFP (Fig. 7).
Note that the Dos was invariably lower than D¢ for all probes
measured. This is due to the high degree of tortuosity of the
diffusion paths imposed by the disc membranes (Calvert et al.,
2010). Thus, the connecting cilium impedes but does not prevent
the intercompartment diffusion of lipidated proteins.

Diffusion-binding-active transport (DBT) model of subcellular
enrichment of PMPs

Thus far our results have revealed that lipidated proteins have
varied affinities for disc membranes, their transport through the
connecting cilium is impeded, and their distributions depend
on both the lipid moiety and linker charge. How these factors
come together to produce the various steady-state distributions,
however, is not clear. In this section we use a DBT model to
explore the impact of measured parameters on the steady-state
distributions of PMPs.

The DBT model (Eq. 2; and Theory Egs. Al3, Al4, and Al5)
allows computational evaluation of the impact of spatially var-
iable diffusivity, local binding, and local active transport on the
dynamics and steady-state distributions of molecules in polar-
ized cells.

aCf _

ﬁ =

S R NN VAT NAC: A
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Eq. 2 consists of three terms representing local binding,
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Table 1. DBT model variables and units

Variables Description Units
¢ Concentration of unbound M

molecules
B Maximum binding capacity Moles per unit area of

membrane

Ky Dissociation constant M

Area of cross section um?
D Axial diffusion coefficient um?s71
v Transport velocity um s7!

B(2z)Kq(2)

—

/

oo 2 (A(z)mz)%),

and active transport,

diffusion,

1 3(A(2)v(2)cr)
AR %
To reduce computational burden, we assume that the cell is
approximately cylindrical and that transport of molecules
along the shorter radius of the cell is fast relative to transport
along the longer axis (see rod schematic, Fig. 2 A). This allows
reduction of the model to a single spatial dimension, except
that the area of cross-section varies with distance. To account
for this, an axially variable area of cross-section, A(z), was
introduced. As the binding term shows, local binding is as-
sumed to operate according to a Langmuir isotherm. The
synaptic spherule and distal tip of the OS are treated as no-
flux boundaries (Theory Eq. Al4), i.e., molecules cannot leave
the cell. Finally, we assume the concentrations of molecules
remain constant over the time required for equilibrium dis-
tribution to be achieved, i.e., no molecules are being synthe-
sized or degraded. Model variables and their units are given in
Table 1.

We used the model to examine EGFP-Far0 and EGFP-
GRKIctl8 probes because of the striking difference in their
steady-state distributions despite similar Dos and linker charge.
The major difference between these probes is that EGFP-
GRKl1ctl8 binds with PrBPS, whereas EGFP-FarO does not.
PrBP§ has been shown to distribute throughout the cell body,
but was absent from the rod OS in frog rods (Norton et al,
2005). The modest reduction of the Dos from E/PAGFP sug-
gests the membrane binding affinity is low for these probes, but
how low binding affinity, particularly if it is not spatially uni-
form, impacts distribution is not clear. We thus initially ex-
plored if modest affinity binding in the OS, relative to the cell
body, could lead to the OS enrichment observed for EGFP-
GRKlct18 (Fig. 9, A-C).

We estimated the binding affinities of the probes by fin-
ding the capacity, B, and the dissociation constant, K3, in the
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diffusion-binding model that reduced the apparent OS diffusion
coefficient twofold. We then introduced the observed 10-fold
diffusion impediment to PMPs traversing the connecting cil-
ium in the full DBT model and allowed it to run until a steady-
state distribution was achieved. We found that a variety of
combinations of K4 and B could produce the twofold changes in
the effective Dps with similar changes in OSEI; thus, we present
the results in terms of equivalent binding power (EBP), where
EBP = Ky/B. An EBP of 1.5 resulted in twofold reduction in ef-
fective Dos but produced an OSEI of only ~0.55, slightly higher
than unmodified E/PAGFP but not close to the OSEI of approx-
imately five observed for EGFP-GRKIct18 (Fig. 9, B, C, and F).
Higher OSEI were obtainable with higher affinity OS binding,
but at the cost of dramatically reduced OS mobility (Fig. 9 F).

Introducing active transport within the connecting cilium
with an OS-directed transport velocity, v = 0.55 pm s™! com-
bined with the weak OS binding resulted in OSEI of ~0.8
(Fig. 9, D and F). To put this velocity into perspective, given
that GRKI is present in the rod at a ratio of 1:800 rhodopsins
(Klenchin et al., 1995), which corresponds to a cytoplasmic
concentration of ~3.75 pM, v = 0.55 pm s7! is equivalent to
transporting ~17 molecules of GRK1 per second through the
axoneme-excluded CC. Finally, adding a CC diffusion imped-
iment, reducing D.. to 0.4 pm? s}, was necessary to achieve
the OSEI of approximately five (Fig. 9, E-G). Active transport
of some form and impeded connecting cilium diffusion thus
appear to be the major factors needed to produce the observed
OS enrichment of EGFP-GRK1ct18, and by extension, enrich-
ment of GRKL.

Finally, we examined whether a weak local binding sink
could account for the degree of synapse enrichment and the
rapid exchange among IS pools found for Far+8 (Fig. 9, H-J).
Indeed, a K4 of 0.5 uM in the synapse was sufficient to produce
the observed SynEl, with a t,,, of FRAPb recovery of ~2 min, as
observed for Far+8.

Discussion

Extant models for the transport and confinement of PMPs to
subcellular compartments include vesicular transport, transport
by motor-driven protein complexes, and diffusion, all of which
are mediated by LBC proteins (Baehr, 2014; Jensen and Leroux,
2017). All of these theories involve tight membrane binding or a
selective diffusion barrier to maintain steep concentration gra-
dients, i.e., they either implicitly or explicitly hypothesize that
once a PMP is delivered to a compartment, it remains there
indefinitely.

Our results do not fit this model. Weak membrane binding
of PMPs in our study shows that they would not remain on
their target membranes for more than a few minutes. The DBT
model predicted that moderate binding within the synaptic
spherule could lead to significant synapse enrichment, while
maintaining rapid exchangeability with other cell body
membranes. However, neither the weak binding to disc
membranes nor the modest impediment to diffusion imparted
by the connecting cilium could explain PMP enrichment
within the ciliary OS.
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Figure 9. Contributions of local binding, active transport, and cilium diffusion impediment to OS and synaptic enrichment of PMPs, computed by the
DBT model. (A) Schematic of model rod with compartments labeled as in Fig. 2 A. Representative electron micrographs show the geometries of the com-
partments. Note the many synaptic vesicles filling the spherule (a) and the density and order of OS disc membranes (c). Parameters for each compartment used
in all computations are listed: L, length; A,, area of cross-section; and D¢ep, diffusion coefficient of unmodified EGFP. EM images reproduced with permission
from a (Schacher et al,, 1976), b (Peters et al., 1983), and c (Townes-Anderson et al., 1985). a and b, Scale bars, 1 um. ¢, Magnification = 45,000. dia, diameter.
(B-E) DBT predictions of EGFP-GRK1ct18 distribution show that active transport and the connecting cilium diffusion impediment, together, are the major
contributors to OS enrichment; local OS binding played a minor role. (F) Predictions of OSEI, F(OS)/F(IS) from model traces, and effective Do, found by fitting
model FRAPs as described in Fig 7, plotted versus equivalent binding power. Arrowhead on the Dos line shows that at EBP = 1.5, Dos was approximately twofold
lower than that for no binding, as found experimentally for EGFP-GRK1ct18 and EGFP-FarQ versus EGFP (Fig. 7). However, the OSEl was <1. The OSEI line
shows that tighter OS binding can lead to fivefold (arrowhead) or better OS enrichment, but at the cost of mobility. BP, binding power. (G) Transport velocity
versus predicted OSEI, given OS EBP = 1.5. Arrowhead indicates the velocity that produces the observed approximately fivefold OS enrichment, as found
experimentally for EGFP-GRK1ct18. (H-J) Higher synapse affinity resulted in significant enrichment (H) and FRAP recovery ti,, ~2 min (I and J), similar to
experimental results for Far0 (Fig. 4 G), suggesting the distribution of Far0 within the IS is mediated by equilibrium binding alone.
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Figure 10. The photoreceptor PMP compartmentalization code. In the
absence of interactions with chaperones, PMPs tend to distribute according
to a few simple rules. Positive charge near any lipid moiety leads to synaptic
enrichment. Myristoylated proteins with any charge and neutral prenylated
proteins slightly favor the ciliary OS. All others are distributed like unmodified
EGFP (A). To achieve “super” enrichment of the OS or synapse compartments,
active mechanisms to enrich or deplete the ciliary OS must come into play (B).

A novel model for PMP enrichment within, and depletion from
the ciliary rod OS: Continuous ciliary recycling

Fig. 10 summarizes our findings and provides an alternative
model for PMP enrichment in rod compartments. PMPs ap-
pear to distribute based on variations in local, weak mem-
brane affinity, which can lead to modest enrichment in the
synapse or OS (Fig. 10 A). To achieve higher degrees of en-
richment (“super enrichment”), the DBT model shows that the
weak membrane binding and a leaky connecting cilium can be
overcome by continuous recycling of proteins into or out of
the OS (Fig. 10 B). At steady-state, an IS to OS transport rate of
~17 proteins per second was sufficient to maintain the ob-
served OSEI of approximately five for EGFP-GRK1ct18. This is
a modest rate of protein transport when compared with the
~3,500 rhodopsins per second that is required to replenish
10% loss of the OSs to daily disc shedding (Besharse et al., 1977;
Hollyfield et al., 1977). One wonders, however, if the continual
recycling mechanism represents a significantly higher meta-
bolic burden than would be the case for one-way delivery and
permanent attachment of newly synthesized GRK1s to nascent
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discs. To address this question, we approximated the delivery
load for the one-way mechanism to be 4.3 GRKls per second,
based on turnover of 10% of the OS per day and GRK1 ex-
pressed at 1:800 rhodopsins, approximately fourfold fewer
than needed for the continual recycling mechanism. Assum-
ing either mechanism requires hydrolysis of one GTP per
GRK1 delivered, recycling was only slightly more energetically
costly. Factoring in the energy needed to synthesize new
GRKI1s likely makes recycling more efficient than the one-way
mechanism.

There are advantages to weak disc membrane binding. It
allows equilibration throughout the OS, ensuring uniform
activity of the PMPs. It may also allow more rapid turnover of
the PMPs. At steady-state, delivery of 17 GRKIs per second into
the OS is balanced by 17 leaking back out. If half of the 17
molecules were replaced, the entire complement of GRKls
could be turned over in ~5 d, rather than the 6 wk required for
turnover of the OS in frogs (Besharse et al., 1977; Hollyfield
et al., 1977).

Depletion of PMPs from the OS, required for super enrich-
ment of the synapse, may operate through a similar, IS-directed
continuous recycling mechanism. Our results suggest prenyl+8
probes diffuse through the connecting cilium and into the OS,
but are then continuously removed from the ciliary compart-
ment. Recent studies have reached similar conclusions for in-
trinsic membrane proteins in rods and cells possessing primary
cilia (Datta et al., 2015; Ye et al., 2018).

The connecting cilium operates as an active PMP

sorting platform

The results suggest the connecting cilium, equivalent to the
ciliary transition zone, is an active sorting platform for com-
partment enrichment. Transport into the OS may operate
through an anisotropic diffusion mechanism like that proposed
for transport of soluble proteins through the nuclear pore
complex (Kee et al., 2012; Jovanovic-Talisman and Zilman, 2017),
but imparted by lipid binding chaperone proteins. For example,
PrBP§-associated GRK1 may pass through the connecting cilium
into the OS without encountering the diffusion impediment and
then be released by Arl3/Arl13b and the OS localized RP2 (Baehr,
2014; Hilgendorf et al., 2016). Once inside the OS, GRK1 would be
in a rapid binding and dissociation cycle with disc membranes,
allowing it to equilibrate easily along the OS, but also to diffuse
back into the cell body (Fig. 10 B). In the OS to IS direction, a
possible mechanism for depleting PMPs from the OS could be
removal by the Bardet-Biedl transport complex, the BBSome,
which has recently been implicated in removal of membrane
proteins from photoreceptor OSs and primary cilia (Datta et al.,
2015; Ye et al.,, 2018). Further study is required to determine
how PMPs are sorted at the connecting cilium and ciliary
transition zone.

Another mechanism that may drive enrichment of charged
proteins across the connecting cilium and within the major rod
compartments is voltage gradient-induced -electrophoresis.
Hagins et al. (1970) showed that the circulating current in dark-
adapted rods would produce a significant cytoplasmic potential
gradient along the rod axis, with the tip of the OS being positive
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relative to the rod base and IS. This potential difference would
produce an electrophoretic driving force on charged molecules,
with negatively charged molecules driven toward the OS tip and
positively charged molecules driven toward the OS base and into
the cell body. The depletion of the NL+8 probe from the OS
(Fig. 3 A) suggests electrophoretic enrichment may be an im-
portant factor in setting charged protein distributions in rods.

Physiological roles of PMP surface charge and negative disc
membrane surface potential
Our results with acylated probes directly demonstrate that disc
membranes in live cells bear a significant negative surface
charge that impacts PMP dynamics under physiological con-
ditions. This is consistent with previous in vitro results sug-
gesting that the cytoplasmic surface charge of disc membranes,
per rhodopsin, is between approximately -5 and -1.5, corre-
sponding to a charge density of approximately (-)0.1 to (-)0.3
per square nanometer (Hubbell, 1990; Tsui et al., 1990; Hubbell
et al., 2003). The potential physiological impact of the disc
membrane surface charge on transducin disc association was
addressed computationally by Kosloff et al. (2008), who showed
that Ta has a significantly lower affinity to disc membranes than
Tafy trimer owing to membrane repulsion of negative charges
on Ta. Positive surface charge of TRy near the farnesyl site was
proposed to result in substantially higher disc membrane af-
finity, enough so that Tafy trimer has a net disc membrane
attraction (Kosloff et al., 2008). It is thought that Ta release from
TBy may thus drive light-dependent Ta translocation to the IS
(reviewed in Calvert et al., 2006) when the number of activated
transducins rises above the level of GTPase activating com-
plexes, RGS9-GB5-R9AP (Lobanova et al., 2007), possibly as-
sisted by association with Uncl19 (Zhang et al., 2011). Our results
measuring membrane affinity of PMP probes in the OS support
this idea. However, they also show that the acylated probe with
the weakest membrane affinity (Myr-8) remains OS enriched
and that Uncl19 association with acylated Tontl6-EGFP does not
result in a distribution significantly different from Myr-8, sug-
gesting additional unknown factors are involved in setting
transducin distribution patterns in light- and dark-adapted rods.
The dependence of the affinity of charge-bearing PMPs on
membrane surface potential leads to the possibility that binding
strength changes depending on the light-adapted state of the
photoreceptor. The membrane potential of dark-adapted rods,
where a fraction of the OS cyclic nucleotide gated cation chan-
nels remain open, is depolarized to approximately -20 mV and
the rod OS has a cytosolic Ca®* concentration of 400-600 nM
(McCarthy et al., 1994; Younger et al., 1996). In contrast, rods
whose cyclic nucleotide gated channels are completely closed by
strong light have a membrane potential of approximately -60
mV and cytosolic Ca?* of a few nanomolar. Thus, PMPs may
undergo a shift in membrane affinity due to changes in the
concentrations of charge shielding cations, especially Ca**, or
changes in the protein surface charge, e.g., by phosphorylation.
Interestingly, GRK1 was reported to undergo light-dependent
phosphorylation (Horner et al., 2005; Osawa et al., 2011),
which would reduce its disc membrane affinity and thus reduce
probability for activated rhodopsin encounter, possibly

Maza et al.

Rod peripheral membrane protein compartmentalization

explaining the observed reduction in rhodopsin phosphoryla-
tion efficiency of phospho-GRK1 (Horner et al., 2005). Our
ongoing work on imaging protein dynamics in dark- and light-
adapted rods aims to explore these ideas.

Materials and methods

Generation of plasmid constructs and transgenic X. laevis

DNA constructs (Fig. S1) were generated using standard cloning
and quickchange mutagenesis methods (Agilent). DNA se-
quences were placed downstream from the X. laevis opsin pro-
moter to direct expression to rod photoreceptors (Mani et al.,
2001). The coding region of each construct was sequenced
(Genewiz) and the plasmid was linearized with Xhol endonu-
clease before restriction enzyme-mediated integration trans-
genics. Prior to oocyte injection, the plasmid was incubated with
Xhol digested X. laevis sperm nuclei. Sperm nuclei were then
treated with X. laevis egg extract, and oocytes were fertilized by
injection with the sperm nuclei (Kroll and Amaya, 1996; Knox
et al., 1998). Embryos were screened for epifluorescence in the
eye, and transgenic animals were grown until eyes were large
enough for retinal dissection (approximately stage 42 and older).
All procedures and animal handling were performed per the
Public Health Service Policy on Humane Care and Use of Labo-
ratory Animals. Sex of animals used in experiments was not
determined; thus, equal numbers of males and females were
likely used.

Tissue preparation

X. laevis was dark-adapted for 2-12 h before imaging. Retina
dissection was done with infrared illumination to minimize
rhodopsin activation. Animals were bathed in 0.05% tricaine
(ethyl 3-amino-benzoate methanesulfonate; Western Chemical)
and decapitated. Eyes were removed and retinas dissected into
frog Ringer’s solution (120 mM NaCl, 2 mM KCl, 10 mM Hepes,
1.6 mM MgCl,, 10 mM glucose, 0.03 mM EDTA, and 1.0 mM
CaCly). Retinas were placed photoreceptor side up and sliced into
strips (Najafi et al., 2012). Retinal “chips” were transferred to a
custom-made imaging chamber as described previously (Peet
et al., 2004; Calvert et al., 2010).

Confocal imaging

Quantitative imaging experiments were performed using a
custom-built confocal/multiphoton microscope described pre-
viously (Peet et al., 2004; Calvert et al., 2007, 2010). Briefly, the
microscope consists of an inverted stand (Nikon TE2000-U) into
which collimated laser beams were introduced via an x-y gal-
vanometer mirror system (Cambridge Technology). Focus was
controlled by a piezo objective motor (Physik Instrumente). In
confocal mode, E/PAGFP was excited by the 488-nm line of an
argon-ion laser (Spectra-Physics 162-C). In two-photon mode,
E/PAGFP was exited with a titanium:sapphire laser (Mai Tai HP;
Spectra-Physics). The excitation psf was generated by overfilling
the back aperture of a 60x/1.2 numerical aperture, water-
immersion objective (Plan Apo VC; Nikon) with the expanded,
collimated laser beans, which were thus focused to the diffrac-
tion limit within the specimen. Fluorescence emission was
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detected using avalanche photodiodes (SPCM-AQR-14; Perki-
nElmer) in the descanned position. Laser intensities were
modulated with neutral density wedges (Thorlabs) and/or a
Pockels cell (302RM; Conoptics). Data acquisition and instru-
ment control were achieved through a custom LabView system
produced in collaboration with Michael Coleman of Coleman
Technologies. All imaging was performed at room temperature
(18-20°C).

Cells expressing EGFP probes were located via epifluor-
escence using a GFP cube (96343; Chroma Technology). Cells
expressing PAGFP probes were detected via epifluorescence
using a violet cube (11005v2; Chroma Technology). 3D confocal
scans were performed with sampling frequencies of
0.05-0.26 pm in xy and a z-step of up to 0.2 pm. 3D confocal
images of individual cells were obtained by image segmentation
and fluorescence distributions were quantified using custom
Matlab computer programs. No other image processing that
would compromise fluorescence quantification, such as de-
convolution, were performed on the image data. 3D volume
renderings were generated using VolView (Kitware).

Determination of the psf intensity profile

Direct measurement of the psf profile in our confocal microscope
was performed by scanning 0.1 pm diameter fluorescent mi-
crospheres (Peet et al., 2004; Calvert et al., 2007; Geneva et al.,
2017). Fluorescence profiles of the microspheres were fitted with
Gaussians, yielding standard deviations (o) in xy and in z of oy =
0.14 pm and g, = 0.56 um. To estimate the EGFP or PAGFP
photoconversion profile or the blurring by convolution, the psf
intensity profile was approximated as a 3D Gaussian,

XZ 2 2
Ly(7,2) ;{M) cep(-7s), 0

2
Zax‘y

where a is the intensity maximum at the 3D center of the profile.
For this analysis we used a normalized psf profile where

W yelpsf = 1.

Image and statistical analysis

Image segmentation was performed using custom Matlab pro-
grams to isolate individual rod photoreceptors from 3D images
of retinal chips. A spline was drawn down the center of the rod
photoreceptor, and fluorescence values were collected along this
spline. To determine the approximate fluorescence in each
compartment without the blurring on the edges of the cells and
compartments due to the psf, the 90th to 100th percentile flu-
orescence intensity values for the synapse, myoid, and ellipsoid
regions were averaged and normalized to the total fluorescence
of the cell to get the relative concentration value. For cells ex-
pressing constructs with lipidation motifs, the nuclei were
nearly empty, so the zero to 10th percentile fluorescence values
were taken, again to avoid blurring from neighboring, brighter
compartments. These values were then averaged. The OS is
much larger than the other compartments of the rod, and thus
not as susceptible to blurring, so the average of all OS fluores-
cence values along the spline was used. The value for each
compartment in each cell was then corrected for sampling
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frequency and normalized to total cell fluorescence. Values were
then plotted in a box plot in which the red line is the median, and
the bottom and top of the box are the 25th and 75th percentiles,
respectively. The whiskers extend to the most extreme data
points that aren’t considered outliers. Outliers are any values
over the maximum whisker length, which is the length of the
interquartile range. Outliers are indicated with a red +. The
green asterisk indicates the average. Statistically significant
differences and P values were determined with one-way
ANOVA and the Tukey-Kramer multiple comparison procedure.

Fluorescence relaxation after photoactivation (FRAPa) and
fluorescence relaxation after photobleaching

(FRAPb) experiments

0S diffusion measurements were made by two different meth-
ods: FRAPa and FRAPb. In FRAPa experiments, probes encoding
PAGFP were expressed in X. laevis rod photoreceptors. Cells
expressing the probes were identified by epifluorescence. A
rectangular strip in the OS was photoactivated with a Tai-
sapphire laser tuned to 820 nm. Fluorescent relaxation
throughout the OS was monitored over a time scale of tens of
minutes. In FRAPb experiments, cells expressing the EGFP
version of probes were bleached with a Tai-sapphire laser
tuned to 920 nm, either in a rectangular strip in the OS or at the
synapse. Fluorescence recovery was monitored over a time
scale of tens of minutes.

Diffusion model fitting of OS FRAP experiments

To estimate axial diffusion coefficients of the probes in the cil-
iary OS, FRAP relaxation curves were fitted with the one-
dimensional diffusion model (Theory Eq. A4; cf. Calvert et al.
[2010]). FRAP results were normalized to the prebleach fluo-
rescence level (FRAPb) or the peak of the photoactivated fluo-
rescence (FRAPa). The model was then solved over a range of
Dos values and the results fitted to the data by root mean square
error minimization (Calvert et al., 2007, 2010). Each cell was
modeled individually to take into account variable OS length and
variable bleaching or photoactivation patterns.

Immunoprecipitation and Western blotting

A GFP-trap kit (Chromotek) was used to immunoprecipitate
EGFP probes and interacting proteins from transgenic X. laevis
retinas. For farnesylated probes, Western blots were probed
with PDE6D polyclonal antibody from Novus Biologicals (NBP1-
32730) and Living Colors A.v. monoclonal antibody (JL-8;
632381) to recognize PrBP8 and EGFP, respectively. Several
Uncll9 antibodies were tested, including an Uncll9 antibody
that was made and generously provided by F. Haeseleer, Uni-
versity of Washington, Seattle, WA (Haeseleer, 2008), an Uncl19
polyclonal antibody purchased from Novus Biologicals (NBP1-
81708), and Uncl19B polyclonal antibody purchased from In-
vitrogen (PA5-24504). None of these antibodies detected Uncl19
in X. laevis retinas.

Mass spectrometry protein identification
To probe for potential LBC proteins, we performed mass spec-
trometry protein identification on GFP trap pulldowns.
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Sample processing

Immunoprecipitated samples were digested using either the
filter-aided sample preparation (FASP) (Wi$niewski et al., 2009)
or the digestion in stage tip (iST) (Wei et al., 2014) procedure.
For FASP, a mixture of Tris, pH 8.5, SDS, and DTT was added to
the sample to a final concentration of 10 mM, 0.4% (wt/wt), and
10 mM. Disulfides were reduced by heating to 95°C for 5 min,
and the samples were cooled to room temperature before being
transferred to a 10-kD molecular weight cutoff ultrafiltration
vessel (OD010C33; Pall). 200 ul of 8 M urea containing 100 mM
Tris, pH 8.5, was added, and the filters were centrifuged to near
dryness. Cysteine residues were alkylated with 50 mM iodoa-
cetamide for 25 min in the dark, followed by centrifugation. The
retained proteins were further washed with three aliquots of
urea + Tris, followed by three washes of 50 mM ammonium
bicarbonate. Trypsin was added at a ratio of 1:50 (enzyme:
sample) in 40 ul of 50 mM ammonium bicarbonate, and diges-
tion was allowed to proceed overnight at 37°C. The resulting
peptides were collected in a clean tube, and the filter was
washed using 50 pl of 0.5 M NaCl.

Peptides were desalted using mixed-mode cation exchange
(MCX) stage tips (Rappsilber et al., 2003). 200-pl tips were
packed with two cores of Empore MCX material (SDB-RPS, 3M,
2241) made using 14-gauge blunt needles. The sorbent was
conditioned with acetonitrile (ACN), washed with solvent A (3%
ACN in water with 0.2% trifluoroacetic acid [TFA]), up to 10 pg
of sample loaded, washed twice with solvent A, washed once
with solvent B (65% ACN in water with 0.1% TFA), and eluted
using 65% ACN in water containing 5% (vol/vol) of ammonium
hydroxide. The desalted peptides were dried in a SpeedVac
vacuum concentrator.

When using the iST protocol, stage tips were made by heat
sealing the bottom of 200-pl tips, and subsequently packing
these with two cores of Empore MCX material. Up to 20 pg of
protein was added to each tube, followed by addition of 10 M
urea to a final concentration of 2 M. Tris(2-carboxyethyl)phos-
phine and chloroacetamide were added to a final concentration
of 10 and 40 mM, and the reaction was allowed to proceed for
10 min. An equal volume of digestion buffer was added, con-
taining 10% vol/vol ACN, 100 mM Tris, pH 8.5, and 200 ng of
trypsin. The tops of the pipette tips were sealed with parafilm.
The samples were digested at 37°C for 3 h in a warm air
incubator.

Sample recovery and cleanup was performed by removing
the parafilm, cutting off the heat-sealed bottoms, and placing the
tips in clean 1.5-ml tubes whose lids had premade holes to ac-
commodate the tips. The samples were acidified using 5% tri-
fluoroacetic acid. After spinning through the sample, the MCX
material was washed with 2x 50 pl of 0.2% TFA solution, and
60 pl of 65% ACN with 0.2% TFA. The tips were then placed in
clean 1.5-ml tubes and the peptides eluted using 75 pl of 65%
ACN with 5% ammonium hydroxide. The peptides were dried in
a speed-vac.

Liquid Chromatography-Mass Spectrometry (LC-MS)
Samples were dissolved in water containing 2% ACN and 0.5%
formic acid to ~0.25 pg/pL. 2 pL (0.5 pg) was injected onto a
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pulled tip nano-LC column with 75-um inner diameter packed
to 10 cm with 5 pm C18 particles. The peptides were separated
using a 60-min gradient from 3-28% ACN over 60 min, fol-
lowed by a 7-min ramp to 85% ACN. The column was con-
nected inline with the Orbitrap Lumos via a nanoelectrospray
source operating at 2.2 kV. The mass spectrometer was op-
erated in data-dependent top speed mode with a cycle time of
2.5 s. MS! scans were collected at 60,000 resolution with an
automatic gain control (AGC) target of 6.0x10° and maximum
injection time of 50 ms. Higher-energy collisional dissociation
fragmentation was used followed by MS? scans in the Orbitrap
at 15,000 resolution with AGC target 1.0E4 and 100-ms
maximum injection time.

Database search

The MS data were searched using SequestHT in Proteome
Discoverer (version 2.2) against the X. laevis proteome from
Uniprot, containing 42,878 sequences, concatenated with
common laboratory contaminant proteins. Enzyme specific-
ity for trypsin was set to semi-tryptic with up to two missed
cleavages. Precursor and product ion mass tolerances were 10
ppm and 0.6 D, respectively. Cysteine carbamidomethylation
was set as a fixed modification and methionine oxidation as a
variable modification. The output was filtered using the
Percolator algorithm with strict false discovery rate set
to 0.01.

Online supplemental material

Videos 1 and 2 show 3D images of a rod expressing EGFP-Far+8,
rotating in different directions. Images were acquired as de-
scribed for Fig. 4. Voxel containing the 95th percentile (red) and
50th percentile (green) are shown. 3D rendering were per-
formed in VolView. Video 3 shows a 3D image of another rod
expressing EGFP-Far+8. Acquisition and processing were as
described in Videos 1 and 2. Tables S1, S2, and S3 show mass
spectrometry protein identification results from a gel band at
the putative molecular weight of Uncll9 and two GFP-trap
pulldown experiments. Fig. Sl shows distributions of EGFP
with neutral, nonlipidated linkers on the N and C termini of
GFP. Fig. S2 shows scatter plots of probe distributions versus
expression level.

Appendix

Theory

Here we describe a DBT model that was developed to evaluate
the impact of diffusion, local active transport, and local
binding on the transport kinetics and the steady-state distri-
bution of molecules in rod photoreceptors. Below we address
each process individually and then combine them into a
single model.

Diffusion
The general diffusion equation is
dc 2
5 DV, (A1)
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where c is the concentration of diffusing substance, t is time, D is
the diffusion coefficient, and V2 is the Laplacian operator. The
rod photoreceptor may be treated as a cylinder with variable
area of cross section. In cylindrical coordinates, the general

diffusion equation is

dc % 1o 1 /%% d*c

oD (= +=Z ) +Do— (= ) +D, (=), (A2

ot (8r2 YT 8r> TP <392) ¥ (azz) (A2)
where D,, Dg, and D, are the diffusion coefficients in the
indicated directions. We have previously shown that axial
diffusion of E/PAGFP is significantly slower than radial and
angular diffusion, D, = Dg >> D,. Thus, the derivatives in r
and 6 can be neglected, and diffusion and distribution of
molecules in the rod may be approximated along one spatial
dimension, z. Taking this into consideration, Eq. A2 reduces
to

dc ¢

ot Pz
where D, is the apparent axial diffusion coefficient within the
cell. The area of cross-section of rods and the local diffusivity of
molecules varies as a function of axial position. We previously
derived the diffusion equation to account for these variations
(Calvert et al., 2010),

(A3)

3c(zt) _ 1 3[A)DE]

3 AR oz (a4)

Local binding
In the case of diffusion with binding, we may write the modified
diffusion equation (Eq. A3; cf. Eq. 14.2, Crank [1975]),

ac % ¢
f apN_o _b: (AS)
ot ke ot
where cris the concentration of free, diffusing molecules, and ¢,
is the concentration of bound, nondiffusing molecules.
Eq. A4 thus becomes

¢
3t (z,t) _ 1 B[A(Z)D( )37{] _ 9% (A6)
ot A2 oz ot’
or with rearrangement,
aCf acb 1 9 aCf
3t "3t TA() 3z (A(Z)D ( )32) (a7)

Assuming that binding/unbinding is much faster than diffusion,
the bound concentration may be treated as an algebraic function
of the free concentration,

¢ = f(cp)-
Substituting Eq. A7 for ¢, in Eq. A6,

dr ) 1 3 ac
3o A % (A(Z)D (z)a_zf)

s df(cg)der 1 3 ¢
3ttdg 3tC MS<A(Z)D(Z)?;>
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{1 df (cr )}%= 1 ai (A(Z)D(Z)%)

des | 3t  Alz) 9z 3z
o (A3, (4

at {1 dil(ccff)} A@)

Eq. A8 represents a general result for a variable area of cross-
section, variable diffusivity, diffusion, and binding system.
Together, Eqs. A7 and A8 are a partial differential algebraic
equation system.

Next consider binding described by a Langmuir isotherm,

B¢

f(Cf) = Kd + Cf’ (A9)
where K; = k_1/k; and B is binding capacity. Then,
df(e) | B-Ka _p (A10)

der (Ka+cp)’
where R represents the binding reaction. Substitution of Eq. A10

into Eq. A8 yields
aCf 1 9 aCf
A(z) 32 (A(Z)D(Z) §)

"

1
B(2) - Ki(z)

(K,j (Z) + Cf) (All)
1 1 9 AD(z %
- oy % (AP
Note that in the case of invariant D(z), Eq. A8 becomes
¢ D 1 9 ¢
w05 (A1)

Eq. A12 states that the effective diffusion coefficient, Dof = W
is inversely proportional to the binding reaction, R. Thus, local
binding to immobile sites leads to a reduction in mobility that
can be quantified by measuring the impact of functional do-

mains appended to E/PAGFP on estimates of D.

Active transport

Calvert et al. (2010) introduced a local active transport compo-
nent to the one-dimensional diffusion model (Eq. A4). The ap-
proach was to introduce a component that moves molecules
within a defined volume region in a defined direction and ve-
locity. A variety of mechanisms could underlie such active
transport, including advective fluid flow, motor protein-based
transport, and other mechanisms resulting in anisotropic trans-
port. The active transport component may be added to Eq. All,

% _
ot
1 1 9 ( aCf
7 2 5, |A(@D(E) )
[1 , B@)Ki(2) i Az) 3z 9 (A13)
(Kd(z) + Cf)
1 3(A(2)v(z)er)
A(2) oz ’
where v(z) is the transport velocity of unbound molecules.

Journal of Cell Biology

https://doi.org/10.1083/jcb.201906024

3769


https://doi.org/10.1083/jcb.201906024

Boundary and initial conditions

Eq. A4, and the systems of Egs. A7 and All or A7 and Al3 were
solved using the numerical method of lines (MOL; Schiesser,
1991; Schiesser and Griffiths, 2009) where the following
boundary and initial conditions were applied:

aCf(Z =0, t) _ aCf(Z =L, 1.')

3z % % (A14)

¢r(z,0) = co(2). (A15)

Eq. Al4 specifies no flux boundaries (homogeneous Neumann
boundary conditions) at the presynapse (z = 0) and the ciliary OS
tip (z = L). Eq. Al5 specifies the initial distribution of molecules
throughout the rod cell. The MOL is an established general al-
gorithm for hyperbolic-parabolic (convection-diffusion, equa-
tions first order in t) partial differential equations (PDEs) in
which the spatial (boundary value) independent variables are
replaced with algebraic approximations. The resulting system of
initial value ordinary differential equations (ODEs) is then
solved numerically with a library ODE integrator. In the present
case, the ODE integrator is odel5s from the Matlab library. Ad-
ditional details about the MOL are available in Schiesser (2013).
The Matlab routines are available from the corresponding au-
thor upon request.

Egs. Al13, Al4, and Al5 comprise the DBT model that allows
evaluation of the impact of spatially variable diffusion, binding,
and active transport on the dynamics and steady-state distributions
of proteins along the length of the photoreceptor neuron.
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