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Cryo-EM of retinoschisin branched networks
suggests an intercellular adhesive scaffold in the

retina

J. Bernard Heymann'!@®, Camasamudram Vijayasarathy?, Rick K. Huang?, Altaira D. Dearborn'@®, Paul A. Sieving>*, and Alasdair C. Steven'®

Mutations in the retinal protein retinoschisin (RS1) cause progressive loss of vision in young males, a form of macular
degeneration called X-linked retinoschisis (XLRS). We previously solved the structure of RS1, a 16-mer composed of paired
back-to-back octameric rings. Here, we show by cryo-electron microscopy that RS116-mers can assemble into extensive
branched networks. We classified the different configurations, finding four types of interaction between the RS1 molecules.
The predominant configuration is a linear strand with a wavy appearance. Three less frequent types constitute the branch
points of the network. In all cases, the “spikes” around the periphery of the double rings are involved in these interactions.
In the linear strand, a loop (usually referred to as spike 1) occurs on both sides of the interface between neighboring
molecules. Mutations in this loop suppress secretion, indicating the possibility of intracellular higher-order assembly. These
observations suggest that branched networks of RS1 may play a stabilizing role in maintaining the integrity of the retina.

Introduction

Loss-of-function mutations in retinoschisin (RS1) cause a form of
macular degeneration in young males called X-linked retinoschi-
sis (XLRS; Weber et al., 2002). The hallmark of the disease is a
separation (schisis) of the inner retinal layers and formation of
macular microcysts, leading to progressive decline in vision.
Functional RS1 is secreted as a covalently linked octameric ring
by photoreceptors and bipolar cells (Molday, 2007). It is most
prominently located on the cellular surface of photoreceptor
inner segments (Vijayasarathy et al., 2007). Based on the clini-
cal pathology and morphological consequences of XLRS, RS1 is
implicated in cell-cell adhesion (Weber et al., 2002). RSI is also
thought to regulate fluid balance in the retina (Molday et al.,
2012). Ongoing studies aim at reversing the deficiency for RS1
through gene replacement therapy (Zeng et al., 2004; Park et al.,
2009; Bush et al., 2015).

Although Sauer et al. (1997) cloned the gene for RS120 yrago,
the structure was solved only recently (Bush et al., 2016; Ramsay
et al., 2016; Tolun et al., 2016). These studies revealed that RSI
is actually secreted as a double octameric ring. Many of the dis-
ease-causing mutations in RS1 map to the interfaces between
subunits (Tolun etal., 2016), indicating that any impedance of its
assembly precludes secretion and leads to loss of function (also

proposed by Wang et al., 2006). However, a number of additional
disease-causing mutants still assemble into octameric rings and
are secreted (Wang et al., 2006). These mutations occur in pe-
ripheral regions of the molecule, where they may be involved in
essential interactions with other components in the intercellular
space (Table 1).

The RS1 molecule is composed of 16 subunits arranged in
back-to-back octameric rings (Fig. 1 A; Tolun et al., 2016). Each
subunit is divided into an N-terminal RS1 domain of ~40 resi-
dues, and a discoidin domain of ~160 residues (Kiedzierska et
al., 2007). All the subunits in an octameric ring are covalently
linked through disulfide bonds between residues 59 and 223 (yel-
low parts in Fig. 1 A). Of particular note are the exposed surfaces
of this molecule that likely interact with other entities in the in-
tercellular space: the spikes (the peripheral loops), the tops of the
discoidin domains, and the top of the central density contributed
by the RS1 domains.

As an adhesive molecule, RS1 can potentially interact with
several other entities in the interphotoreceptor space. Foremost
and simplest is that it should dock to the lipid bilayer, through
either an ionic (Vijayasarathy et al., 2007; Kotova et al., 2010) or
a hydrophobic (Fraternali et al., 2003) mechanism. Another is
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Table 1. Disease-causing mutations in the spikes of retinoschisin

Mutation XLRS Secreted Oligomerization Other
Y89C Mashima et al., 1999; Hayashiet ~ No (Wang et al., 2006) Decreases phosphatidylserine
al, 2004 binding (Vijayasarathy et al,,
2007)
G91C Huetal, 2017
W92C Huetal, 2017 No (Wang et al., 2006) Decreases phosphatidylserine
binding (Vijayasarathy et al,,
2007)
Y93C Huetal, 2017
W96C No (Vijayasarathy et al.,, 2010)
W96R Sauer et al,, 1997; Hiriyanna etal, No (Wang et al., 2006)
1999
F108C Gehrig et al., 1999 Yes (Wang et al., 2006) 8 (Wang et al., 2006)
R141A Yes (Dyka and Molday, 2007) 8 (Dyka and Molday, Binds galactose (Dyka et al.,
2007) 2008)
R141C The Retinoschisis Consortium, No (Dyka and Molday, 2007)
1998
R141E No (Dyka and Molday, 2007)
R141G The Retinoschisis Consortium, No/Little (Wang et al., 2002; Dyka 8 (Wang et al., 2006)
1998 and Molday, 2007)
R141H The Retinoschisis Consortium, Yes (Wang et al., 2006; Dyka and 8 (Wang et al., 2006; Dyka Binds galactose (Dyka et al,,
1998; Park et al., 2000; this study ~ Molday, 2007) and Molday, 2007) 2008)
R141K No (Dyka and Molday, 2007)
R141Q No (Dyka and Molday, 2007)
R141S Yes (Dyka and Molday, 2007) 8 (Dyka and Molday, Does not bind galactose (Dyka
2007) etal, 2008)
R141V No (Dyka and Molday, 2007)
D143V The Retinoschisis Consortium, No (Wang et al., 2006)
1998
D145H Ma et al,, 2008
H207Q The Retinoschisis Consortium, Yes (Wang et al., 2006) 8 (Wang et al., 2006)
1998
R209C The Retinoschisis Consortium,
1998; Huetal., 2017
R209H Sauer et al,, 1997; The Yes (Wang et al., 2006) 8 (Wang et al., 2006)
Retinoschisis Consortium, 1998;
Ma et al., 2008; Hu et al., 2017
R209L Skorczyk and Krawczynski, 2012

that it should bind to carbohydrate moieties on proteins or lipids,
based on its retention on selected sugar-agarose beads (Dyka et
al., 2008). Several proteins have been suggested as interacting
partners, such as the sodium-potassium ATPase (NaKATPase;
Molday etal., 2007; Friedrich etal., 2011; Pléssl et al., 2017), L-type
voltage-gated calcium channels (Shi et al., 2009), B2 laminin, and
aB-crystallin (Steiner-Champliaud et al., 2006). RSl is possibly
a promiscuous binder, interacting with many counterparts be-
tween the photoreceptors, including the abundant NaKATPase.
Molday et al. (2012) suggested an alternative function: The
fluid-filled cysts in the XLRS retina could result from a failure
in regulating fluid balance. This may involve the NaKATPase
through signaling cascades (Friedrich et al., 2011; Plgssl et al.,
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2017). Decreasing the volume of these cysts using carbonic
anhydrase inhibitors (such as dorzolamide) improves retinal
function, countering the effects of RSI deficiency (Walia et al.,
2009; Verbakel et al., 2016). While this treatment does alleviate
the symptoms of XLRS, it may not directly relate to the function
of RS1 (Walia et al., 2009). Indeed, Zhour et al. (2012) did not
find any improvement in a mouse model for XLRS when treated
with dorzolamide.

Our initial aim in this study was to further probe the structure
of RS1by cryo-EM. What we found was that RS1 forms branched
networks of strands. Analysis of the main strands and branching
indicates different types of interaction between RS1 molecules.
These interactions are primarily through the peripheral spikes
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Figure 1. Cryo-electron micrographs of filamentous networks of RS1 molecules. (A) Architecture of the retinoschisin double rings, showing the N-ter-
minal RS1 domains (red), the ring containing the disulfide bonds between subunits (yellow), the discoidin domain cores (blue), and the spikes (green; Tolun et
al,, 2016). Scale bar, 20 A. (B and C) Two examples of micrographs of RS1 molecules forming branched networks of strands (arrows). The diamonds indicate
four-way connections with a central RS1 molecule hub. The triangles indicate three-way connections. Scale bar, 500 A.

of the molecule, suggesting how it could span the intercellular
space and provide an adhesive function in the retina. Recon-
struction of the linear interaction placed the spike 1loop on both
sides of the interface between molecules. Mutations in this loop
suppress secretion, consistent with intracellular formation of
higher-order assemblies.

Results
RS1molecules self-associate into networks
We purified RSI as in Tolun et al., 2016, but omitted dialysis
and Mono Q chromatography. In particular, the dialysis against
150 mM salt buffer leads to extensive aggregation, rendering the
specimen poorly suitable for cryo-EM. We resolved this problem
by using the high-salt elution buffer from the cobalt-agarose col-
umn (500 mM sodium chloride and 200 mM imidazole), which
prevents extensive aggregation, and yielded cryo-EM grids with
an acceptable distribution of specimen (Fig. 1, B and C). Under
these conditions, we found that RS1 assembles into networks of
strands (Fig. 1, Band C). The predominant configuration is a wavy
strand (arrows in Fig. 1, Band C), while there is also an abundance
of branching interactions. These include simple T-like junctions,
three-way joints (triangles in Fig. 1, B and C), four-way intersec-
tions (diamonds in Fig. 1, B and C), and larger formations.
Because the cobalt-agarose elution buffer is not at physiolog-
ical ionic strength, we wanted to better define how RS1 behaves
under different conditions. From our accumulated experience,
we think that the imidazole in our purification buffer serves as
a chelator of a cation that interacts with retinoschisin. Previous
studies have shown that EDTA is required to release retinoschisin
from retinal membranes (Vijayasarathy et al., 2007). We there-
fore dialyzed RS1 against buffers with calcium or EDTA, and with
high or low salt, in comparison with imidazole-salt buffer. We
performed light scattering (optical density) as a crude test of ag-
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gregation (Fig. S1), followed by microscopy on the same samples
(Fig. S2). In this experiment, the controls in imidazole-high-salt
buffer (Fig. S2, A and B) yielded only short strands of RS1 com-
pared with those in Fig. 1 (B and C). We found that whether we get
such long strands is variable from sample to sample but is highly
reproducible for a given sample. We therefore performed all the
analyses shown in Figs. S1 and S2 at the same time. Calcium in-
duced massive aggregation (blue and black curves in Fig. S1),
precluding interpretation by microscopy. EDTA at high and low
salt concentrations appears to favor some dissociation of RS1into
single rings (arrowheads in Fig. S2, C and D) with more extensive
dissociation at high salt. However, some strands of RS1molecules
are apparent in the low-salt EDTA buffer, comparable to those in
the controls (Fig. S2, A and B). The behavior of RS1 is therefore
complicated but definitely a function of the buffer conditions.
However, it has the capability to form strands in both high- and
low-salt buffers.

We were also interested in the interaction of RS1with galactose,
because Dykaetal. (2008) showed that RS1 binds to galactose-aga-
rose. We observed a mild enhancement of strand formation in
some of our specimens (Fig. S3). At this time, we cannot make a
definitive statement about the effect of galactose on RS1behavior.

2D classification of images yields four types of configurations
To explore the interactions between the RS1 molecules, we gen-
erated a data set consisting of shortlinear segments or junctions,
each containing two to four molecules. We subjected them to 2D
classification, followed by averaging within each class to enhance
the resulting images (Fig. S4 A). The resolution of a class average
depends on the number of contributing subimages: here, that of
the most abundant class was ~5 A (Fig. S4 B). Such a high reso-
lution indicates that—within this class at least—the subimages
averaged are consistent, and consequently the interaction con-
veyed in the class average is specific.
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Figure2. Selected class averages, illustrating the different interactions between molecules of RS1and models illustrating the configurations. (A-C)
The most common interaction (type 1) between the spikes of molecules with alternating offset (58%; A), ends (24%; B), and stepped offset (1.4%; C). (D) A
fourfold symmetric spoke-wheel arrangement with 90° interactions between the spikes (type II: 1.5%). (E-H) Interactions where spikes of one molecule are
bound to one side of the top of the ring of another molecule (type Ill, 8%). (I-L) Interactions where spikes of one molecule are bound close to the center of the
top of the ring of another molecule with various angles (type IV, 7%). (The image in L was threefold symmetrized). Several of these class averages are included

in the larger and more diverse set shown in Fig. S4. Scale bar, 150 A.

The major configurations are the wavy strand (58%; Fig. 2 A)
and strand ends (24%; Fig. 2 B). A stepped strand (Fig. 2 C) is
much less abundant. All of these involve the spikes from both
molecules at the periphery of the RS1 octameric rings, and we
refer to them as type I interactions. Another class of spike-spike
interaction is the four-way or type II, where the central mole-
cule is rotated by 90° with respect to the four attached molecules
(Fig. 2 D). Here, the interacting spike partners differ from those
involved in the linear strand segments.

In the remainder, the spikes of one molecule interact with the
top of a ring from another molecule (Fig. 2, E-L). We distinguish
between those interacting with the periphery of the ring (type
I1]; Fig. 2, E-H) and those closer to the center of the ring (type
IV; Fig. 2, I-L). The latter likely involves the RS1 domains of one
of the molecules. The abundances of the two types of interac-
tion are similar (7-8%), suggesting that they contribute equally
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to the branching of the network. However, the three-way joint in
Fig. 2 L occurs in only ~1% of the extracted images.

The main strand configuration (type I)

The most prevalent configuration is the linear strand of RS1 mol-
ecules (typeI; Fig. 2 A). Curiously, the central planes through the
rings from one molecule to the next do not line up but are offset
in an alternating fashion, giving a slightly zigzag or wavy appear-
ance. The lengths of the strands are highly variable, with an aver-
age of approximately seven molecules long (~850 A). The repeat
along the strand is ~122 A, and the lateral offset is ~13 A. This
constitutes a 1D unit cell consistent with space group P222; and
repeat length of 244 A (Fig. S5 C). The two rings in each molecule
also look somewhat different, with one ring slightly smaller than
the other (~120 A vs. ~125 A). We aligned all the particles against
projections from a 3D reference map of RS, obtaining a consis-
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tent orientation for each double-ring molecule in the alternating
configuration to within a small uncertainty (+3°). This allowed
us to place 3D maps in the correct relationship with each other
(Fig. 2, type I).

The stepped offset configuration (Fig. 2 C) is rarer than the
alternating configuration, although the repeat and offset are sim-
ilar (~121 A and ~14 A, respectively) and is therefore included in
the typeI class. One octameric ring appears offset with respect to
the other ring in the direction of the strand. This varying diam-
eter of the rings in both the alternating and stepped configura-
tions is consistent with either a small radial displacement of the
subunits or a remodeling of the spikes at the interface between
neighboring RS1 molecules.

The 90° branching configuration (type I1)

The type Il interaction in Fig. 2 D has a 90° rotation from that of
the main strand. With four peripheral molecules surrounding the
central molecule, all spikes of the latter are involved (Fig. 2, type
IT). The distance between the center and a peripheral molecule
is ~116 A, less than the distance between main strand molecules
(~122 A). The central molecule appears distorted with a more
fourfold symmetric nature than eightfold (Fig. 2 D). The spike
tips of the four subunits in the corners are separated by ~136 A,
while the intervening spikes are only ~120 A apart. The rings of
the peripheral molecules also appear different in size. One ring
of the attached molecule appears larger (~125 &) and presses one
subunit of the central molecule inwards, while the other ring ap-
pears smaller (~118 A) and interacting between the spikes. The
next attached molecule (second from the central molecule) then
follows the alternating offset pattern of the main strand (see class
average 26 in Fig. S4 A). These details further support the ability
of the subunits within a ring to shift radially.

The lateral branching configurations (types Ill and IV)

Most branch points feature interactions between the spikes of
one molecule and the top of another (Fig. 2, E-L, types III and
IV). The angle between the main strand and lateral branch varies
considerably. To quantify this, we measured the angle between
the planes through the octamer rings. The angles for the type IV
branches vary more (37-90°) than those of the type III branches
(63-90°), indicating greater freedom of movement. The triplet
interaction (Fig. 2 L) is a special case of the type IV configuration.
It is sufficiently rigid to allow symmetrization, indicating strong
constraints on the relative orientations of the RS1 molecules.

Interactions of the spikes in the main strand configuration
We reconstructed the “unit cell” of the main strand configuration
(Fig. S5 C) in three dimensions to understand which parts of the
RS1 spikes are involved. To overcome the preferred orientations
of RSl in the first data set (e.g., Fig. 1, B and C), we imaged the
specimen with a 30° tilt (Fig. S5, A and B), producing oblique
views suitable for 3D reconstruction (statistics given in Table 2
and the Fourier shell correlation [FSC] curve in Fig. S5 D). Fig. 3 A
shows the two molecules in the unit cell.

Four subunits from one RS1 molecule interact with the cor-
responding four subunits in the neighboring molecule (Fig. 3 B).
Because of symmetry, there is only one unique interface formed
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superresolution

Table 2. Image processing report
Parameter Dataset1 Data set 2
Micrographs

Camera K2, K2,

superresolution

Magnification

48077

48077

Number 218 1136

Tilt () 0 30

Frames per micrograph 54 50

Frame rate (/s) 4 4

Dose per frame (e”/pixel) 1.082 0.76°

Accumulated dose (e”/A2) 51 33

Frame alignment bseries bseries
CTF

Defocus range (um) 1.04-2.92 1.06-3.23

Correction Phase flip Phase flip
Particles

Picked 39536 26702

Used in final 2D averages/3D 19701 (50%) 18646 (70%)
reconstruction
Alignment

Initial reference map PBD: 3)D6 PBD: 3)D6

Low-pass filter limit (A) 35 20

Projection-matching algorithm

Cross-correlation

Cross-correlation

Number of iterations

5

4

Reconstruction

Classes 70 1

Size 330x330x1 224 x 224 x
224

Pixel size (A) 1.04 1.04

Symmetry Cc1 C2

Resolution limit (A) 2.1 3.0

Resolution estimate (A, FSCo143)  5-25 10.0

Masked No Yes

Sharpened No Yesb

Filtered No Low-pass to
10A

aThe micrographs were taken in superresolution mode and subsequently
binned for further processing (final size: 3838 x 3710).
bAmplitudes weighted to match PDB accession no. 3)D6.

by the spikes from two opposing subunits. Fig. 3 B shows the res-
idue, Y93, that occurs prominently on both sides of the interface.
This loop (spike 1) is interesting because several mutations in it
have been linked to XLRS (Table 1). The structure fitted into the
map is the one calculated for free RS1 molecules (PDB accession
no. 3JD6; Tolun et al., 2016), and may not show the correct con-
formation of the loop in the assembled strand. We did not con-
sider it reasonable to attempt modeling of the loops at the limited
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Figure 3. Reconstruction of the type I alternating configuration unit cell
at ~10-A resolution (EMDB accession no. 7907) with two docked 16-mer
molecules (PDB accession no. 3JD6). (A) Side view of the two 16-mer
molecules in the unit cell, with the outside rings (top right and bottom left)
somewhat more curved than the inside rings (top left and bottom right). (B)
Close-up view of the interaction between neighboring molecules, showing the
Y93 side chains as stick models (arrows). Y93 is part of an apparently flexible
loop, PssEQYVGWY93SSWTAgg, that fits into the connecting density between
the molecules and is thus thought to form the main interaction. In this loop,
mutations in Y89, G91, W92, and Y93 are associated with XLRS.

resolution (10 A) of the map. The density connection shown in
Fig. 3 B indicates that the conformations of these loops from the
two sides probably differ.
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Mutants in spike 1 are poorly secreted

There is evidence that the spike 1 loop is important in XLRS
(Table 1). However, most of the mutations are to cysteine (except
W96R), which may lead to aberrant cross-linking and a disrupted
fold. We therefore constructed three mutants, G91V, W92S, and
Y93A, and as control, the well-studied mutant, R141H (Park et
al., 2000; Wang et al., 2006; Dyka and Molday, 2007; Dyka et al.,
2008; Ramsay et al., 2016; Plsssl et al., 2018). All of these mutants
are comparably expressed in HEK293 and ARPE-19 cells, but the
spike 1 mutants are secreted poorly (W92S and Y93A) ornot atall
(G91V), compared with WT RS1 or the R141H mutant (Fig. 4). As
expected, assembly of the double rings is not affected in the small
amounts of W92S and Y93A that are secreted. Plossl et al. (2018)
reported that W96R is also poorly secreted. These observations
are consistent with the importance of spike 1in the higher-order
intermolecular interactions of RS1.

Discussion

Deficiencies in RS1 have a debilitating effect on the structural in-
tegrity of the retina (Weber et al., 2002; Bush et al., 2015). While
other explanations of this property are possible, an impairment
of adhesive function (Weber et al., 2002) seems the most likely.
However, the fact that RS1 is a soluble molecule is potentially
problematic because known cell-cell adhesion systems such
as cadherins (Al-Amoudi et al., 2011), connexins (Sosinsky and
Nicholson, 2005), and claudins (Haseloff et al., 2015) tend to have
obvious membrane-embedded moieties. On the other hand, all
these junctions are built from paired back-to-back oligomers, a
property shared by RS1. A second issue is that a single RS1 mole-
cule (ring diameter of ~140 A and thickness of ~80 A) could only
adhere to opposing membranes where the intercellular space is
very narrow (Fig. 5 A). The closest membrane separation be-
tween cells ranges from 20 to 30 A in gap junctions (Sosinsky

Figure4. Expressionand secretion from HEK-293 cells of WT
and mutant retinoschisin. (A) Reducing SDS-PAGE of the cells.
The spike 1 mutants (G91V, W92S, and Y93A) are better retained
in the cells than the WT and spike 3 mutant (R141H). (B) Reduc-
ing SDS-PAGE of the medium. Compared with WT and R141H,
W92S and Y93A are poorly secreted, and G91V is secreted not at
all. (€) Nonreducing SDS-PAGE of the medium. All secreted RS1
form disulfide cross-linked octamers. (D) Blue-native gel of the
medium. All secreted RS1 form double octamers.
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Figure 5. Models of cell-cell junctions mediated by RS1. (A) The model
from Tolun et al. (2016) depends on a close apposition of the cellular mem-
branes (purple), with a separation of equivalent to the ~80-A-thick RS1 mole-
cule. (B) The ability of RS to self-assemble into branched networks suggests
that it can span a wider intercellular space. In this model, the hydrophobic
spikes intercalate into the membrane, with branched strands extending
toward the opposing membrane.

and Nicholson, 2005) to 300 to 500 A in desmosomes (Al-Amoudi
etal., 2007,2011), and much larger in nonjunctional regions. The
reach of RSI could be extended by binding to other components,
such as the lipid bilayer, membrane-embedded proteins, or
components of the intercellular matrix. Here, we describe high-
er-order, branched assemblies of RS1 that could traverse wider
intercellular spaces (Fig. 5 B).

The RS1 spikes are able to form multiple interactions

We cataloged the higher-order interactions between RSI mol-
ecules into four classes (Fig. 2). The consistent feature is the
spikes of one molecule interacting with either the spikes of an-
other (types I and II) or with other parts, including the RS1 do-
main (types [Il and IV). The models in Fig. 2 (bottom) for the four
types of configuration show similar side view orientations for all
the RS1 molecules, with the exception of the central molecule for
type II. This orientation is such that the spikes of four subunits
(oriented toward the viewer in Fig. 3) interact with the air-water
interface, with lateral interactions also involving four subunits
for configurations I-III. This provides a rich set of configurations
available to form an intercellular scaffold (Fig. 5 B).

In configuration IV (Fig. 2), only spikes of two subunits are in-
teracting with the RS1 domain of another molecule. The angular
variability in the latter may also indicate a more flexible connec-
tion. This type of branching may not be essential because, to date,
no disease-related mutations have been found in the RS1 domain.
We also note that any stacking interactions (i.e., expanding the
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stacking of the two rings) are conspicuously absent. Had stacking
occurred, it would have meant a greater involvement of the RS1
domains that protrude from the rings.

Spike 1is important for higher-order assembly

The 3D map (Fig. 3) of the most abundant conformation (type
I) indicates a prominent role for spike 1 in the intermolecular
interaction. Because one RS1 molecule is shifted relative to its
neighbor (giving rise to the wavy appearance of the strand of
molecules), the interaction between the loops is not symmetric
and itlikely adopts different conformations. Mutagenesis of sev-
eral residues in this loop results in partial or complete abolish-
ment of secretion (Fig. 4). The W92S, Y93A, and W96R (Plsssl
et al., 2018) mutations represent a decrease in residue size that
could affect the strength of interaction. The G91V mutant is not
secreted at all, suggesting a more severe effect on the spike 1
conformation. This is in contrast to the R141H mutant (spike 3)
that is well secreted (Fig. 4; Plossl et al., 2018), but still causes
disease (Table 1). Essential steps in producing a functional RSI
are synthesis followed by oligomerization and secretion (Wang et
al., 2006). Any mutations interfering with forming the octamer
also prevent secretion and are associated with disease (Tolun et
al., 2016). Our findings indicate that higher-order assembly may
already occur intracellularly, and any deficiency in it leads to de-
creased secretion.

The physiological relevance of higher-order RS1 assemblies

We observed the network of RS1 molecules in high salt and
confined to a thin layer of solvent (just before plunge freezing)
during preparation for microscopy. Both these features require
examination relative to its production in cells and occurrence in
the intercellular space of the retina.

We experienced severe problems of aggregation of RS1 when
dialyzed from the high-salt elution buffer used for purification.
We therefore decided to simply image RS1 in this buffer, discov-
ering that it forms this branched network. We continued trying
to establish conditions for its formation with limited supplies of
the protein (Fig. S1). We found that calcium leads to massive ag-
gregation, while a chelator such as imidazole or EDTA prevents
it. It is obvious that the intermolecular interactions of RS1 are
highly dependent on its environment. Unfortunately, under-
standing the actual physiological environment is complicated
by the crowded nature of both intracellular compartments and
intercellular space. At the same time, the interactions (particu-
larly type I and II; Fig. 2) are very specific and rigid, suggesting
this to be an inherent capability of the molecule and therefore
physiologically relevant.

The second aspect of our experiment was its disposition in a
thin layer of water, with extensive air-water interfaces. These
are considered hydrophobic-hydrophilic interfaces in nature
(Trigg et al., 2013; Campioni et al., 2014) and a potential mimic
for membrane interfaces. Our micrographs clearly show that
RSI1 mostly orients such that the spikes of four subunits in each
16-mer are located toward the hydrophobic air-water interface
(Fig. 2). Fraternali et al. (2003) suggested from modeling results
that RS1 binds to membranes through a hydrophobic patch in
the spikes (involving the residues Y89, V90, W92, Y93, F108, and
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1144). Vijayasarathy et al. (2007) showed that mutating Y89 and
W92 to cysteine decreases binding to phosphatidylserine (ac-
knowledging that phosphatidylserine mostly occurs on the inner
leaflet; Leventis and Grinstein, 2010). Furthermore, Plossl et al.
(2018) found altered membrane interaction for several spike mu-
tants. Together, these observations indicate that the RS1 spikes
are probably involved in membrane association.

RS1 may form an intercellular 3D scaffold

We show that RS1hasthe potential to self-assemble intoabranched
network. Protein filaments of various kinds are widely encoun-
tered, and they fulfill numerous functions; however, despite their
diversity, branching is unusual. The prime example is cortical
actin, in which the networks are built up from daughter filaments
anchored on Arp2/3 complexes emanating laterally from mother
filaments (Pollard and Borisy, 2003; Rouiller et al., 2008). This
architecture confers stability to the peripheral cytoskeleton and
directs motile forces, coupled to the actin polymerization engine
(Theriot, 2000). Similarly, the factor SSNA1 facilitates remodeling
of microtubules into branched forms (Basnet et al., 2018). Nu-
merous biophysical studies have investigated how the mechanical
properties of a network—in particular, enhanced stability—may
be affected by branching (e.g., Pujol etal., 2012; Bieling etal., 2016).
There is, as yet, no evidence that RS1 polymerizes into networks in
situ, but there is a perceived need to stabilize the boundary regions
between retinal cells in order to prevent adverse effects such as
those encountered in XLRS. This requirement, viewed in light of
the rarity of branching, makes it tempting to speculate that RS1
networks may contribute to the required stability.

Conclusion

Under appropriate conditions (e.g., high salt), RSI is able to as-
semble into branched networks. From our 2D averaged images,
it follows that the interactions between the RSI molecules have
some specificity, but they also show some flexibility. The one pe-
ripheral spike involved in the linear strand interaction (residues
56-98) is also the location where several disease-causing muta-
tions occur. Decreased secretion of such mutants suggests that
self-assembly of RS1 already occurs intracellularly. A branched
network of RS1 would be capable of bridging the space between
adjacent cell membranes and thereby facilitate the adhesive
properties attributed to this molecule.

Materials and methods

RS1 cloning, expression, and purification

Cloning of RS1 sequences

Regions from a pTOPO-RS1 vector (Zeng et al., 2004) were ampli-
fied, using standard PCR to generate mature RS1in tandem with
ahexahistine tag (aa 24-224-6xHis). The sense (Topo-RS1-F) and
antisense (Topo-RS1-R) primers listed in Table SI also included
sequences for Gateway recombination sites and were obtained
from Eurofins MWG Operon. PCR was performed using Phusion
polymerase (New England Biolabs) under standard conditions
with a 30-s/kB extension time for five cycles. After that time,
200 nM of the adapter primer (see Table S1) was added, and am-
plification was continued for an additional 15 cycles to introduce
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the honeybee melittin (HBM) leader sequence and Gateway sites.
PCR products were cleaned using the QIAQuick PCR purification
kit (Qiagen). The final PCR product contains RS1 cDNA with an
amino terminal insect HBM secretion signal sequence on the 5’
end and appropriate Gateway recombination sites on both ends.
The cleaned PCR products were recombined into pDonr253
(Gateway Donor vector modified from pDonr201; Thermo Fisher
Scientific) vector using the Gateway BP recombination reaction
according to the manufacturer’s protocols. The subsequent Entry
clones (11109-E01 HBM-RS1aa24-224-6xHis;) were sequence ver-
ified throughout the entire cloned region.

Subcloning of RS1 sequences

The Entry clone was subcloned by Gateway LR recombination into
pDest-8 vector (Thermo Fisher Scientific) to create clone 11109-X01
(RS1-6xHis) for insect cell expression. The expression clones were
then transformed into Escherichia coli DH10Bac (Thermo Fisher
Scientific) and plated on selective media containing gentamycin,
kanamycin, tetracycline, IPTG, and X-gal as per the manufactur-
er’s protocols. White colonies were selected from these plates, and
bacmid DNA was generated by alkaline lysis plasmid preparation
and verified by PCR amplification across the bacmid junctions.

Baculovirus production and insect cell expression

Bacmid DNAs were transfected into 1 x 107 Sf9 cells using poly-
ethyleneimine (Thermo Fisher Scientific), and baculovirus su-
pernatants were harvested after incubation at 27°C for 72 h. 1 ml
supernatant was transferred to 50 ml High Five cells (107 cells/ml;
Thermo Fisher Scientific) and grown at 21°C for 72 h before harvest.

Protein purification

RS1-6xHis and mutant RS1-6xHis secreted into the culture me-
dium were purified by cobalt-agarose affinity chromatography
(HisPur Cobalt Resin; Thermo Fisher Scientific). All steps were
performed at 4°C. The culture medium was extensively dialyzed
against equilibration buffer (20 mM sodium phosphate, pH 7.4,
0.5 M NaCl, and protease inhibitor cocktail) and centrifuged at
10,000 gto remove the cellular debris. Approximately 200 ml di-
alyzed medium was loaded onto a 10-ml cobalt-agarose column.
After a wash step of 10 vol with buffer A (20 mM sodium phos-
phate, pH 7.4, 0.5 M NaCl, and 20 mM imidazole), RS1-6xHis was
eluted with buffer B (20 mM sodium phosphate, pH 7.4, 0.5 M
NaCl, and 200 mM imidazole). The fractions were analyzed on
10% SDS-PAGE, and fractions enriched in RS1-6xHis were pooled.
For experiments with galactose, we added galactose to a final
concentration of 10 mM.

We assessed the aggregation behavior of purified RS1-6xHis
by light scattering (optical density) using an HP G1103A (Hewlett
Packard) spectrophotometer after dialysis in various buffers, as
given in Fig. S1. The optical density was recorded from 200 to
1,000 nm of each sample in a 100-pl quartz cuvette.

RS1 spike mutants

Construction

Human RS1cDNA in frame with 6xHis tag was subcloned into the
pCMV Tag4 vector (Takara Bio USA) using the NotI-Xhol restric-
tion sites. This mammalian expression vector encodes the cyto-
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megalovirus promoter for constitutive expression of the cloned
DNA in a wide variety of mammalian cell lines and a C-terminal
Flag tag. We silenced the flag epitope and introduced a His tag as
an alternative for purification. The sense (RS1-F) and antisense
(RS1-R) primers used in the experiment are listed in Table S1.
We also introduced a Kozak consensus sequence upstream of
the ATG start codon to provide optimal expression of the RS1-
His fusion protein. We used the Q5 Site-Directed Mutagenesis
Kit (New England Biolabs) to introduce the following mutations:
G91V, W92S, Y934, and R141H. The primers used for mutagenesis
and their sequences are listed in Table S1 (Integrated DNA Tech-
nologies). All constructs were sequenced to verify the presence of
the desired mutations and absence of random mutations. WT and
mutant plasmids were isolated from bacterial cell cultures using
Maxiprep plasmid purification kit (Qiagen Sciences).

Expression and analysis

We used human embryonic kidney (HEK) 293 cells (ATCC CRL-
1573; Graham et al., 1977) as the host for the heterologous expres-
sion of RS1-His fusion protein (ATCC). We cultured the cells in
T75 culture dishes in 10 ml EMEM supplemented with 10% FBS
and transiently transfected them at 80% confluence with plasmid
DNAs (30 pg) encoding either WT or mutant RS1 with 60 pl Lipo-
fectamine 2000 reagent (Thermo Fisher Scientific). After 6 h, we
replaced the medium containing Lipofectamine with EMEM+10%
FBS. At 48 h after transfection, we harvested the cells, rinsed
them with PBS, and lysed them in RIPA buffer (50 mM Tris-HCI,
pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, and
1 mM EGTA supplemented with Halt protease inhibitor cocktail;
Thermo Fisher Scientific). To detect RS1 protein, we analyzed
whole-cell extracts (retained RS1) and media (secreted RS1) by
immunoblotting using anti-RS1 antibody. We loaded sample vol-
umes corresponding to 3% of total media or 3% of total cell lysates
onto Novex 10% Bis-Tris gels (Thermo Fisher Scientific) in Laem-
mli sample buffer. The gels were electrophoresed under reducing
(with B-mercaptoethanol; Sigma-Aldrich) or nonreducing (no
B-mercaptoethanol) conditions to detect monomeric and oct-
americ forms of RS1, respectively (Vijayasarathy et al., 2010). To
resolve RS1 double octamers, we used Blue-Native PAGE (Tolun
et al., 2016; Thermo Fisher Scientific) for which identical sam-
ple volumes were loaded on 3-12% Novex Bis-Tris gel in Native
PAGE sample buffer with G-250 sample additive. Following elec-
trophoresis, the gels were electrotransferred to polyvinylidene
difluoride membrane (Immobilon P; Bio-Rad) and blocked for 1h
in blocking buffer (LI-COR Biosciences). We incubated the mem-
brane with a rabbit polyclonal RS1antibody (raised against the N
terminus of retinoschisin amino acid residues 24-37; Zeng et al.,
2004), diluted in 1% BSA in PBS containing 0.05% Tween 20, at
4°C overnight, followed by IRDye 800CW-conjugated goat anti-
rabbit IgG (LI-COR). We scanned the blots on a LI-COR Odyssey
Infrared Imaging System (model 9120; LI-COR) and analyzed
them using Odyssey software. Data presented are representative
of two independent experiments.

EM
We applied 3 pl of a preparation of retinoschisin (~0.14 mg/ml)
with galactose (10 mM final concentration) to 40-s glow-dis-
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charged 400 mesh C-flat electron microscopy grids and plunge
froze it into liquid ethane in an EM GP instrument (Leica Mi-
crosystems). We imaged the grids in a 300-kV Titan Krios mi-
croscope (FEI) at the Howard Hughes Medical Institute Janelia
Research Campus (Ashburn, VA), which was equipped with a Cg
corrector and a post-GIF K2 Summit camera (Gatan) in superres-
olution mode. The micrographs were taken as series of dose-frac-
tionated images (Table 1) and stored as compressed TIFF files
without gain correction. Automated data collection was done at
a calibrated magnification of 48,077 in SerialEM (Mastronarde,
2005). We first obtained a data set of zero-tilt micrographs that
were subsequently used in 2D image classification. Because of
the preferred orientation of RS1on the microscope grids (edge-on
views of the double rings), we also acquired a second set of mi-
crographs with the specimen tilted to 30°.

Image processing

3D processing of 0°-tilt micrographs

We did all processing in Bsoft (Heymann, 2018; see Table 2 in
this paper for details). The images were gain-corrected by mul-
tiplying with the gain reference (program bop) and binned two-
fold for a final pixel size of 1.04 A (program bint). The frames
were aligned to yield a shift-compensated average for each mi-
crograph (program bseries). A power spectrum was calculated
for each micrograph as the average over tiles of size 512 x 512
(program bctf). The contrast transfer function (CTF) was au-
tomatically fitted to the radial power spectrum (program bctf)
and checked manually (program bshow). A particle template
was generated in bshow from a small set of manually selected
particles. This template was used to automatically pick parti-
cles in all the micrographs (program bpick). We manually elim-
inated a large number of bad hits (that were obviously different
from the double-ring structure, including ice contamination
and odd aggregated densities) from selected particle sets, ar-
riving at the numbers picked as given in Table 2. The CTF was
corrected during reconstruction, adjusting for tilted specimens
when necessary. We assessed the quality of 3D reconstructions
by comparing maps from independently processed subsets by
FSC using a shaped mask appropriately low-pass filtered. The
particles from the first data set were aligned initially to a 25-A
resolution limit, using the map from Tolun et al. (2016) (EMD-
6425; http://www.emdatabank.org). Unfortunately, the 3D re-
construction with D8 symmetry yielded low-quality maps due
to the overwhelming preference for one orientation. We there-
fore decided to explore the interactions between RS1 molecules
by 2D classification.

2D classification from 0°-tilt micrographs

We started the 2D alignment using a reference of the 420 particle
images extracted from the first micrograph from the first data
set (program borient). We selected particles with high correla-
tion, obtaining 420 2D class average images corresponding to the
original reference images. We eliminated classes with <10 con-
tributing images and then repeated the alignment. After the fifth
iteration, 150 classes remained, representing ~50% of the total
number of boxes. There were several classes with the same ap-
pearance. We compared the classes by correlation and clustered

Journal of Cell Biology
https://doi.org/10.1083/jcb.201806148

1035


http://www.emdatabank.org

them using affinity propagation (Frey and Dueck, 2007) with a
high threshold, resulting in 70 final classes (program bmapdist).
The resolutions for the 2D averages were calculated at an FSC cut-
off of 0.3 using the method of Unser et al. (1987) as implemented
in the program borient. We used these class averages as a basis for
characterizing the interactions between RS1 molecules.

3D processing of 30°-tilt micrographs

We acquired the second data set at a fixed tilt angle of 30° to ob-
tain more views of the RS1 molecule for 3D reconstruction. As
with the first data set, we started the particle alignment with a
resolution limit of 25 A on two independent subsets of the second
data set (program borient). After 20 iterations and increasing the
resolution limit to 8 A (final alignment with program brefine), we
calculated a D8 symmetrized reconstruction with FSCq 143 = 6.8 A
(size 168 x 168 x 168; 21,364 particle images). Our main goal was to
visualize the interactions between RS1 molecules. We therefore
generated a “unit cell” reference with C2 symmetry of two RSI
molecules in a slightly larger volume (224 x 224 x 224) placed in
positions inferred from the 2D averages from the first data set
(Fig. S5 C). We then used the orientations from the previous runs
to find the D8 symmetry-equivalent orientations that correspond
to the C2 unit cell (program brefine). We further refined these
orientations, yielding a final reconstruction with FSCy 143 = 10.0
A (Table 2 and Fig. S5 D). The quality of this map is lower than the
D8 map because of lower symmetry and larger volume.

Building 3D models based on 2D class averages

We matched a projection of the 3D RS1 map (EMDB 6425) to each
occurrence in a class average (Fig. 2, A-L) to obtain accurate
translations and rotations. We then constructed 3D maps with
the RSI molecules in the correct orientations (Fig. 2, bottom).
The assumption is that all the molecules showing side views are
interacting with the air-water interface and are therefore in the
same plane (supported by the fact that most showed the same
view as determined by alignment). The RS1 atomic model (PDB
accession no. 3]D6) was then docked as a rigid body into the 3D
map obtained from the 30°-tilted data set (Fig. 3). All 3D visual-
ization was done using UCSF Chimera (Pettersen et al., 2004).

Data and software availability

The 3D reconstruction of two RS1 molecules in the main strand con-
figuration (Table 2, last column) has been deposited in the EM Data-
bank (http://www.emdatabank.org), accession no. EMD-7907. The
Bsoft package (Heymann, 2018) is freely available at http://bsoft.ws.

Online supplemental material

In Fig. S1, RS1 dialyzed in various buffers and assessed by light
scattering massively aggregates in the presence of calcium,
but not with the chelators EDTA and imidazole. Fig. S2 shows
cryo-electron micrographs of RS1 in buffers from Fig. S1 with
chelators, indicating an ability to form higher-order assemblies,
even at lower salt concentrations. We observed more single oct-
amer rings in the presence of EDTA (C and D). Fig. S3 displays an
example of cryo-electron micrographs with a higher prevalence
of linear strands of RS1in the presence of galactose. However, the
effect is modest and varies from experiment to experiment, and
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we are uncertain whether galactose affects the formation of RS1
networks. Fig. S4 presents 2D class averages (A) of the RS1 strands
and branches. These are of high quality, as indicated by a strong
relationship between the resolution estimated from the spectral
signal-to-noise ratio and the number of images contributing to
an average (B). Fig. S5 shows cryo-electron micrographs of RS1at
tilted angles (A and B) to overcome the preferred side orientation
of the strands observed in the original micrographs. The main
strand conformation (typeI) is rigid, allowing us to describe it as
alinear or 1D crystal (C). We calculated a 3D map within this unit
cell and obtained a reconstruction at a resolution of 10 A (D). Table
S1lists primers used for cloning RS1and generating mutants.
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