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Proteins segregate into discrete subcellular compartments via
a variety of mechanisms, including motor protein transport, local
binding, and diffusion barriers. This physical separation of cell
functions serves, in part, as a mechanism for controlling compart-
ment activity by allowing regulation of local protein concentra-
tions. In this study we explored how soluble protein size impacts
access to the confined space within the retinal photoreceptor
outer segment signaling compartment and discovered a strikingly
steep relationship. We find that GFP monomers, dimers, and
trimers expressed transgenically in frog rods are present in the
outer segment at 1.8-, 2.9-, and 6.8-fold lower abundances,
relative to the cell body, than the small soluble fluorescent marker,
calcein. Theoretical analysis, based on statistical-mechanical mod-
els of molecular access to polymer meshes, shows that these
observations can be explained by the steric hindrance of molecules
occupying the highly constrained spaces between outer segment
disc membranes. This mechanism may answer a long-standing
question of how the soluble regulatory protein, arrestin, is effec-
tively excluded from the outer segments of dark-adapted rods and
cones. Generally, our results suggest an alternate mode for the
control of protein access to cell domains based on dynamic, size-
dependent compartmental partitioning that does not require
diffusion barriers, active transport, or large numbers of immobile
binding sites.
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Many cellular functions take place in highly spatially con-
strained compartments such as primary cilia, microvilli,
endoplasmic reticulum (ER)/Golgi, filopodia, or dendritic spines.
Delivery and retention of membrane-associated proteins to these
areas are mediated by several complementary mechanisms, in-
cluding intraflagellar transport (1), local binding to relatively im-
mobile structures (2), and barriers to diffusion between the
specialized compartment and the rest of the cell (3-4). Although it
is generally recognized that the activities of these compartments
are regulated by soluble proteins, especially in the case of cell
signaling (5), specific rules governing soluble protein access to the
compartments are not well defined. We addressed this problem in
rod photoreceptors of Xenopus laevis where visual signal trans-
duction occurs within the narrow confines of a sensory cilium.
Photoreceptor outer segments are ciliary organelles containing
a stack of up to ~2,000 flattened membrane vesicles called lamellar
discs (5). The main protein component of these membranes is the
visual pigment rhodopsin. Most other signaling proteins acting
downstream of rhodopsin are tethered to the discs by post-
translational lipidation or single-pass transmembrane anchorage
(6). An exception is arrestin, a soluble protein involved in the ter-
mination of the rhodopsin-mediated light response (7). An im-
portant feature of photoresponse regulation by arrestin is that
arrestin levels in the outer segment are modulated in a light-de-
pendent manner. Arrestin is nearly undetectable in the outer seg-
ment of dark-adapted photoreceptors, where it is found primarily in
the cell body. By contrast nearly all arrestins are found in the outer
segment of light-adapted photoreceptors. At a concentration of ~3
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mM (8), arrestin is one of the most abundant proteins in photo-
receptors, and thus its light-dependent subcellular localization
represents a major problem for which the identity of underlying
mechanisms remains highly controversial (5).

Here we examine the possibility that soluble protein access to
spatially constrained subcellular signaling compartments is gov-
erned by the size and shape of the molecules and the geometry of
the compartment. We conducted a systematic, quantitative analysis
of the subcellular distribution patterns of benchmark soluble fluo-
rescent molecules of varying size that were introduced into the rod
cytoplasm. We then analyzed the patterns using a statistical-me-
chanical approach (9-11) that takes into account the molecule size
and the outer segment cytoplasmic structure. This analysis revealed
an unintuitively steep dependence between the molecular size and
the amount of soluble marker found within the outer segment
interdiscal spaces, which, however, can be accurately predicted on
the basis of the interplay between the Stokes radii of the markers
and the highly constrained geometry of the outer segment cyto-
plasm. These results reveal a general cellular mechanism, differen-
tial steric volume exclusion, where even small changes in molecular
size or shape, or compartment dimensions, have profound con-
sequences for soluble protein access to specialized organelles.

Results

Densities of Structures in the Rod Cytoplasm Are Dramatically
Heterogeneous. Examination of the ultrastructure of rod cells
reveals that the two major subcellular compartments, the cell body
and the ciliary outer segment, contain structures in dramatically
heterogeneous spatial densities (Fig. 14). The outer segment is
densely packed with membranous discs that occupy roughly half of
the outer segment volume and that have a highly uniform spacing of
12-15 nm (12-13). Remarkably, this spacing is on the order of the
size of soluble arrestin (Fig. 1B), an approximately spherocylin-
drical molecule ~9 nm long and ~3.5 nm in diameter (14). In ad-
dition to the discs, the high, millimolar concentrations of signal
transduction proteins further reduce the outer segment volume by
6-8% (Fig. 1B and Table S1). These structural components, how-
ever, reduce the effective cytoplasmic volume available to soluble
molecules more than predicted by the geometric volume they oc-
cupy alone. An additional volume is unavailable to solutes due to
the steric hindrance of the approach of their centers of mass to the
surfaces of the structures (Fig. 1C). Together, the steric volume
exclusion due to membranes and proteins within the space between
the closely juxtaposed discs will result in a significant decrease in the
volume available to soluble macromolecules in the rod outer
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Fig. 1. The density of structures in rod photoreceptor compartments is heterogeneous. (A) Transmission EM of an amphibian rod. E, ellipsoid; IS, inner segment (cell
body); M, myoid; N, nucleus; OS, outer segment. The OS is densely packed with lamellar disc membranes (/nset) whereas the IS myoid is relatively sparsely populated
with membranous vesicles and organelles (© Townes-Anderson et al., 1985. Originally published in Journal of Cell Biology, 100:175-188). (Scale bar, 5 pm.) (B) The
geometry of the outer segment with disc membranes (DM), the major transduction proteins (pymol representations), and the plasma membrane (PM), drawn to
scale. Rhodopsins, present at an average spatial density of ~6 nm in the disc membrane, possess cytoplasmic loops that extend ~2 nm into the interdiscal space.
Transducins, tethered to the disc membranes by acylation of the a-subunits and farnesylation of the y-subunits, are approximately spherical with radius 2.9 nm (34)
and are present at ~1:10 with respect to rhodopsin. PDE6, the largest protein in the interdiscal space spanning almost the entire gap, is ~1:200 per rhodopsin. (C) The
blue shaded region represents the volume of the outer segment aqueous cytoplasm accessible to the center of mass of a spherical solute with ry, ~ 3 nm.

segment. Importantly, this decrease will depend on the size of
the molecules.

The rod cell body appears significantly less densely populated
with structural elements (Fig. L4). We reasoned that this difference
in density of structures, and the resulting differences in volume
available to solutes due to steric constraints, would produce a shift
in the mass of soluble proteins toward the less spatially constrained
cell body. A prediction of differential steric volume exclusion is that
the proportion of molecules present in the more structurally con-
strained outer segment will progressively decrease, relative to the
cell body, as the size of the molecules increases.

Access of Soluble Molecules to the Rod Outer Segment Is Steeply
Molecular Size Dependent. We tested this prediction by examining
the steady-state distribution patterns of obligate soluble molecules
of broadly different sizes, from 0.6 to 81 kDa, introduced into the
cytoplasm of X. laevis rod photoreceptors (Fig. 2). Confocal images
of live retinal tissue slices loaded with calcein, a polar fluorescene
derivative with virtually no tendency to bind cell structures or
membranes (15), or transgenic frogs expressing GFP monomers or
concatemers in rods, revealed that the relative concentration of
soluble proteins in the outer segments was indeed molecular size
dependent (Fig. 2 B and C). The myoid region of the cell body
contains the highest density of all size probes whereas the average
fluorescence in the outer segment relative to the maximal fluores-
cence (Fos/Fmax) declined steeply and approximately linearly as
a function of increasing molecular size with complete exclusion
projected for molecules with hydrodynamic radii (r,) greater than
~4 nm (Fig. 2D). The small proximal to distal negative slope of the
fluorescence for 3x GFP in the outer segment may indicate a small,
gradual decrement in spacing between the discs (SI Text). In-
terestingly, the fluorescence levels in the nucleus also appear to
decline in a molecular size-dependent manner (Fig. 2B).

The differential steric volume exclusion mechanism relies on
macromolecular solutes being freely exchangeable between cy-
toplasmic compartments. To confirm this we examined the mo-
bility of the smallest and largest GFP size variants in and
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between the major rod compartments, using photoactivatable
GFP (PAGFP) and the FRAPa method (16). Upon cell body
photoactivation, monomer and 3x PAGFP began entering the
outer segment immediately and eventually reached distribution
patterns that were essentially identical to those of the pre-
photoconverted molecules. Importantly, flux through the ciliary
transition zone was not significantly different, and thus no dif-
fusion barrier for soluble proteins up to ~80 kDa exists within
this structure (Fig. S1). Also of note is that 3x PAGFP entry into
the outer segment appears to be channeled along the periphery,
between the discs and the plasma membrane. This channeling is
likely due to the narrowing of the entryway into the interdiscal
space caused by disc end loops and may facilitate more rapid and
uniform filling of the outer segment with regulatory proteins
such as arrestin (SI Text).

Access of Soluble Molecules to the Outer Segment Interdiscal Spaces
Depends on the Size of the Molecules and the Spacing of the Discs. To
further test the hypothesis that the close juxtaposition of disc
membranes is responsible for the size-dependent variation in the
concentration of soluble macromolecules in the outer segment,
we examined the distributions of molecules within the interdiscal
spaces under conditions that result in different spacing of the
discs. Confocal images of outer segments arranged perpendicular
to the scanning plane, the “end-on” imaging orientation, were
obtained (Fig. 34, Left). Upon averaging several images at
a given z level, fine structures of the discs were revealed. In 1x
GFP expressers, thin lines of reduced fluorescence indicated the
positions of disc incisures, clefts that extend from the periphery
toward the center of the disc membranes (13, 17) (Fig. 3B).
Histograms of the end-on images show that the fluorescence
intensity of 1x GFP was fairly uniform (Fig. 34), with median
F/Fnax = 0.87 and SD = 0.12 (Fig. 3C).

The fluorescence distributions of 2x and 3x GFP were signifi-
cantly less homogeneous, with lower median voxel intensities that
were spread over a broader range (Fig. 3 4 and C). The radial
incisure lines were less apparent or absent and the brightest voxels
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Soluble molecule levels in the rod outer segment depend on molecular size. (4) Images of live retinal slices. (B) Axial distributions of fluorescent

molecules in rods. (Left) Central confocal z-sections; lines indicate positions from which fluorescence was read. S, presynaptic spherule. (Scale bars, 10 um.) (Right)
Fluorescence intensities plotted as a function of distance from the 1S-OS interface (Left arrows). (C) Intensity distributions normalized to maximum fluorescence
and averaged across multiple cells. (D) Fraction of fluorescence in the OS as a function of estimated hydrodynamic radii. Vertical error bars, F/Fyax SEM. n =5, 14,
7, and 7 for calcein and 1x, 2x, and 3x GFP. Horizontal error bars represent SEM of r,, approximation. Line was found from linear regression of the data.

did not appear at the center of the 3x GFP expressers and were
found instead at the periphery. The molecular size-dependent
differences disappeared upon hypotonic swelling of the cells, which
resulted in 15-20% lengthening of the outer segment, previously
shown to mechanically increase the spacing of discs (18). Thus, the
amount of soluble proteins within the interdiscal spaces was sig-
nificantly dependent on molecule size and the spacing of the discs,
consistent with the steric volume exclusion model.

To show that the interdiscal distribution patterns of the GFP
variants were not due to immobile proteins, the mobility of the
GFP concatemers between discs was examined using the multi-
photon FRAPb method (16) (Fig. 34, Right). Although the size-
dependent access to the interdiscal space was accompanied by
reduced mobility (Fig. 3D), this reduction was likely due to the
highly constrained diffusion paths between the narrowly spaced
discs and would not, in itself, lead to steady-state differences in
molecular distributions (SI Text). Indeed, cell swelling resulted in
an increase in the effective diffusion coefficients, D, for all of
the GFPs and a decrease in the differences between D¢; of 1x
GFP and those of GFP concatemers (Fig. 3D).

Quantification of Relative Steric Volume Exclusion. To quantify the
impact of steric volume exclusion on the distribution of soluble
macromolecules of a given size in rods, we reasoned that the
ratio of fluorescence (F') recorded from any two positions in the
cell represents the ratio of the fraction of volumes accessible to
molecules of a given size (fi),

F(x7y727rs) — faC(x’y7zvrS)

1Ny ol - 1y ’ [1]
F(x ay vZ 7rS) fac(x 7y 7Z 7rs)

where r, is the hydrated radius of a spherical solute (Figs. S2
and S3 and S7 Text). We estimated f,.(r;) for the outer segment
(fac,0s(rs)) from the well-established geometry of the disc
membranes and the known numbers and volumes of the major
proteins in this compartment as follows.
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For idealized, spherical solutes, the ratio of the accessible
volume to the geometric volume, as a function of hydrated ra-
dius, rg, may be written

Vac
fac(rs) = Vgco = 1_Vcs(rs) - va,i(rs)7 [2]

where v is the geometric volume fraction excluded by cytosolic
structures, and vy, ; is the fraction excluded by the ith endogenous
macromolecule. The major cytosolic structures in the outer
segment are the disc membranes, which are uniformly spaced
and parallel. Thus, the volume fraction excluded to solutes by the
discs, as a function of solute size, is

Ves (rs) = %7 [3]
where L is the distance between discs. This equation states that
the volume excluded to spherical solutes between parallel
membranes is linearly related to the solute radius and inversely
related to the distance between membranes.

The two most abundant proteins in the interdiscal spaces of
dark-adapted photoreceptors are transducin and rhodopsin (Fig.
1 and Table S1). The fraction of the interdisc volume excluded to
solutes of various sizes by the portion of transducin that is >rg

from the membrane surface is

o) =3 (Fro (8 +13) vit).

where A, is the height of the portion of transducin that is >,
from the membrane surface, o, = (2h5prm —hsp)l/ 2 is the radius
of transducin at A, Ve, is the average geometric volume of the
cytoplasmic space between a pair of discs, and n7 is the number
of transducins in the interdiscal space. The calculation of the
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Soluble protein access to outer segment interdiscal spaces is molecular size dependent. (A) End-on imaging of the outer segment in live rods

expressing GFP variants. (Left) Red dots in confocal images indicate position of FRAPa experiments shown at Right. Fo, fluorescence before photobleach. (B)
EM of a Rana catesbeiana rod showing incisures.[Reprinted from Experimental Eye Research, 45/1, Yoshihiko Tsukamoto; The number, depth and elongation
of disc incisures in the retinal rod of Rana catesbeiana, 105-116, Copyright 1987, with permission from Elsevier (ref. 17)]. (C) Median voxel intensities and their
SDs, averaged from 10, 4, 5, and 6 1x, 2x, 3x, and 3x hypotonic (ht) rods, respectively. (D) Diffusion coefficients in isotonic and hypotonic rods plotted as
a function of hydrodynamic radii. n =7, 7, and 6 for 1x, 2x, and 3x isotonic and 9, 7, and 6 for hypotonic. (A-D) Error bars, SEM. Horizontal error bars are as in

Fig. 2. (Scale bars, 5 um.) Hypotonic medium was 0.25 isotonic.

volume excluded by the cytoplasmic loops of rhodopsin mole-
cules is described in SI Text.

fac,0s(rs) predicted by this analysis is slightly steeper and lies
below the measured size dependence of the Fog/Frax ratio (Fig.
4A). However, the rod cell cytoplasm is a closed, self-contained
system and thus the relative steric volume exclusion in neighboring
compartments will impact the levels of macromolecules found in
each (Fig. S2C). It is thus necessary to estimate the size dependence
of the accessible volume fraction within the inner segment to fully
account for the observed molecular distributions.

Estimation of f,.(r;) in the Inner Segment Compartment. The struc-
tures and protein complement of the rod inner segment are less
well characterized. However, having calculated f,c os(7s) for the
outer segment, and having measured the size-dependent fluores-
cent intensity ratios (Fos/Fis), the fraction of volume accessible to
solutes as a function of their size in the inner segment, fy1s(7s),
or virtually any other cell compartment, may be estimated by
finding the relation that produces an fyc os(rs)/fac1s(fs) ratio that
fits the measured Fog/Fis ratio (Fig. 44). This analysis leads
directly to the size dependence of the proportional concen-
trations of approximately spherical macromolecules, relative to
the accessible cytoplasmic spaces, in the two regions. Impor-
tantly, the analysis reveals that the outer segment discs play an
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overwhelmingly dominant role in setting the soluble protein
distribution in the cytoplasm of rod photoreceptors.

Prediction of Arrestin Distribution in Dark-Adapted Rods. The above
analysis is relevant only to approximately spherical solutes.
Arrestin, however, is nonspherical (Fig. 1). Moreover, arrestin has
been shown to form dimers and tetramers at physiological con-
centrations (19, 20). Thus, to analyze the impact of the structural
heterogeneity of rod compartments on soluble arrestin distribution,
we used statistical mechanical approaches to estimating accessible
volumes that allow extension of the steric volume exclusion analysis
to molecules of virtually any shape (9, 11).

For simplicity, we assume that arrestin cannot fit between
rhodopsin molecules on the disc surface and, thus, that the
interdiscal space is reduced by ~4 nm. Additionally, on the basis of
the analysis outlined above, we determined that transducin rep-
resents a small fraction of the total volume reduction in the outer
segment and ignore its contribution. With these assumptions, the
effective fraction of the geometrical volume that is accessible to
the center of mass of the spherocylindrical, monomer arrestin is

fu { 1-q/2 (n<r)

5
1/2g  (nxrp), 5]
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Predicted OS/IS concentration ratios for monomer (M), dimer (D), and tetramer (T) arrestin in dark-adapted rods. Gray diamonds represent maximum and
minimum values calculated for dimers of various shapes (text). Dashed line indicates arrestin—-GFP ratio (from C). (C) Arrestin—GFP distribution in dark adapted

rods is similar to that of 3x GFP (cf. ref. 32).

where r; is half the length of the cylinder, r;, = L/2 —rs, r; is the
radius of the spherical ends of the spherocylinder, and g = r;/r.

Arrestin tetramers are predicted to be approximately flat-
tened, diamond shaped with overlapping C- and N-terminal
lobes (19). We thus treated tetramer arrestin as a spherodisc
with 9 nm diameter and 7 nm thickness. The effective fraction of
the geometrical interdisc volume that is accessible to the center
of mass of the spherodiscoidal, tetramer arrestin is

T
NEGED
faci r1; 1 1 1 5 q. _1 >
P -IviE -G ) ez,

Tp

[

(ra<rp)

[6]

where here g = rq/r, and rq is the disc radius.

The structure of dimer arrestin is not known; however, limits
on its shape-dependent accessible volume fraction may be ex-
amined. We chose two shapes that represent the extremes in
estimated excluded volume fraction: bound end to end, thus
forming an 18-nm long by 3.5-nm diameter spherocylinder, and
side by side, which we treated as a 9 x 5.3-nm spherocylinder.

The results of this analysis are presented in Fig. 4B, where they
are compared with the distribution pattern of a transgenically
expressed arrestin—-GFP fusion protein in dark-adapted rods (Fig.
4C). The concentration distributions of 3x GFP and arrestin-GFP
in dark-adapted Xenopus rods are remarkably similar, as would be
predicted if arrestins were mostly tetrameric with a roughly
spherodiscoidal shape (19) (Fig. 4 B and C). The spacing of the
outer segment discs appears tuned for regulating the outer segment
concentrations of soluble proteins the size and shape of arrestin and
its multimers. Monomer arrestin is expected to favor the cell body
3-fold over the outer segment, dimer arrestin 4- to 6-fold, and
arrestin tetramers ~10-fold (Fig. 4B).

Discussion

Much of cell signaling takes place in highly spatially constrained
microcompartments including primary cilia, microvilli, ER/Golgi,
and filopodia. Steric volume exclusion-mediated control of soluble
protein concentrations is, thus, likely to be a general mechanism for
setting sensitivity to environmental stimuli. Moreover, size-de-
pendent access to the nucleus suggests that steric interactions with
chromatin may be important for setting the local concentration of
transcriptional regulators. Protein concentrations may be regulated
by protein—protein association or by changes in compartment
morphology, as has been demonstrated in, for example, dendritic
spines. Whereas the potential implications of steric volume exclu-
sion have been recognized (10-11), its impact on cell signaling has
been inaccessible to direct study due primarily to the fact that most
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of these compartments are smaller than can be resolved with cur-
rent live cell fluorescence imaging technologies. The light-controlled
modulation of arrestin levels in the ciliary rod outer segment, com-
bined with the fact that this signaling compartment is large enough to
allow quantitative fluorescence imaging, make photoreceptors an
unparalleled model system for studying these mechanisms.

Binding of arrestin to light-activated rhodopsin is the likeliest
mechanism for arrestin localization to the outer segment of rods
adapted to moderately bright light (5, 21). However, the mech-
anism by which arrestin is excluded from the dark-adapted outer
segment has eluded explanation for decades. Essentially two
mechanisms have been postulated: a diffusion barrier in the
ciliary transition zone that would prevent arrestin from entering
the outer segment without motor protein transport (22, 23) and
a binding partner, other than rhodopsin, that would localize
arrestin to the inner segment (24). Our recent study, bolstered by
results presented here, effectively ruled out the diffusion barrier
hypothesis (25). Three binding partners have been identified for
arrestin in dark-adapted rods, a-tubulin (24), enolase 1 (26), and
NSF (27). However, at ~50 pm in neural cells (28) and ~5 pm in
rods (26), respectively, a-tubulin and enolase 1 are present in at
least two orders of magnitude lower abundance than the greater
than millimolar levels of arrestin (8) and NSF is not codis-
tributed with arrestin in dark- or light-adapted rods, being found
predominantly within the synaptic spherule (27). Thus, these
proteins fail to meet two important criteria required to account
for arrestin localization: capacity and codistribution.

Differential steric volume exclusion provides an elegant solu-
tion to this problem. The steep relationship between size and
shape of soluble proteins and the levels of protein found in the
ciliary rod outer segment shows that dynamic arrestin self-asso-
ciation and steric volume exclusion, alone, may be sufficient to
explain the heavily cell body-weighted distribution of arrestin in
dark-adapted rods.

The G protein, transducin, also undergoes redistribution from
the outer segment to the cell body in response to light via un-
known mechanisms (5). Recently it has been demonstrated that
transducin subunits associate with soluble proteins, the a-subunit
with UNC119 (29) and the By-subunits with phosducin (30, 31),
that shield membrane anchoring lipid moieties and increase their
masses. Because arrestin moves to the outer segment at dimmer
light levels than those that drive transducin movement (5) and is
10-fold more abundant than transducin, our model calculations
project that the light-dependent redistribution of transducin may
also be explained by the steric volume exclusion effect.

Materials and Methods

Transgenic X. laevis expressing the constructs illustrated in Fig. S4 or
arrestin—-GFP (32) were generated by the REMI method (33). Animal
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Committee for the Humane Use of Animals and carried out in accordance
with the Guide for the Care and Use of Laboratory Animals (1996; Na-
tional Academy of Sciences, Washington, DC). Quantitative imaging and
multiphoton FRAPb and FRAPa experiments were conducted using a cus-
tom-built confocal and multiphoton microscope described previously
(16, 25). Detailed materials and methods are available in S/ Materials
and Methods.
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