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Retinoschisin (RS1) is involved in cell–cell junctions in the retina, but
is unique among known cell-adhesion proteins in that it is a soluble
secreted protein. Loss-of-function mutations in RS1 lead to early
vision impairment in young males, called X-linked retinoschisis.
The disease is characterized by separation of inner retinal layers
and disruption of synaptic signaling. Using cryo-electron micros-
copy, we report the structure at 4.1 Å, revealing double octamer
rings not observed before. Each subunit is composed of a discoidin
domain and a small N-terminal (RS1) domain. The RS1 domains oc-
cupy the centers of the rings, but are not required for ring formation
and are less clearly defined, suggesting mobility. We determined
the structure of the discoidin rings, consistent with known intra-
molecular and intermolecular disulfides. The interfaces internal to
and between rings feature residues implicated in X-linked retino-
schisis, indicating the importance of correct assembly. Based on this
structure, we propose that RS1 couples neighboring membranes
together through octamer–octamer contacts, perhaps modulated
by interactions with other membrane components.

retinoschisin | X-linked retinoschisis | discoidin domain |
cryo-electron microscopy | single particle analysis

The structural integrity and functioning of tissues are highly
dependent on cell–cell junctions. These are typically com-

posed of two similar opposing layers of interacting proteins
embedded as oligomers or arrays in the cellular membranes. For
example, paired arrays of cadherins are found in adherens
junctions and desmosomes (1); of claudins and occludins in tight
junctions (2, 3); and of connexin channels in gap junctions (4).
The back-to-back architecture of these junctions is fundamental
to their adhesive function.
The retina features another protein implicated in cell–cell ad-

hesion, retinoschisin (RS1). RS1 is a 24-kDa protein expressed
exclusively by photoreceptors and bipolar cells in the retina (5)
and pineal gland (6). Loss-of-function mutants of RS1 lead to
progressive visual impairment in a disease called X-linked reti-
noschisis (XLRS) (7–9). The clinical manifestation is a patholog-
ical separation of retinal layers, leading to structural splitting and
cavity (or “schisis”) formation (10). Additionally, the bipolar cells
show disorganization (11) and failure to maintain synaptic orga-
nization (9). Both XLRS patients and RS1 gene knockout mouse
models (Rs1-KO) show similar phenotypes: schisis/splitting
through retinal layers and synaptic transmission defects manifested
as reduced b-wave amplitudes on the clinical electroretinogram
(Fig. S1) (8, 12). RS1 gene therapy rescues the XLRS mouse phe-
notype (9, 13) and human RS1 gene therapy trials are underway
(ClinicalTrials.gov: NCT02317887; NCT02416622).
RS1 is secreted as a soluble disulfide bond-stabilized octamer

(14, 15). Most of the monomer comprises a discoidin (DS) do-
main, a globular fold that is highly conserved over many proteins
with diverse functions (16). Little progress has been made to-
ward understanding the molecular mechanisms underlying the

disease because of difficulty in producing the protein in sufficient
quantities (5). In the absence of experimentally derived informa-
tion, homology models of the RS1 monomer have been formulated
based on existing X-ray structures of other DS domains (17–21).
However, the arrangement of subunits in the putative octamer
remained an open question. In addition, RS1 differs from the other
junctional proteins listed above in that it has no obvious membrane-
insertion elements.
In this study we were able to purify RS1 in sufficient quantity

to support structural analysis by cryo-electron microscopy (cryo-
EM). Here we present the structure of the mature RS1 as a 16-
mer in a dihedral eightfold arrangement at a sufficient resolution
in the DS domain (4.1 Å) to locate key elements, in particular
the intramolecular and intermolecular disulfide bonds stabilizing
the oligomer. The resolution for the RS1 domain is lower (∼9 Å),
indicative of mobility, but suffices to position these domains relative
to the DS rings. Consideration of the locations of some disease-
related mutants indicates that their phenotypes are caused either by
disrupting the DS fold or by affecting assembly of the oligomer. The
symmetry of the double-ring shape favors a junctional model where
the flat surfaces interact with apposing membranes.

Significance

Loss of retinoschisin (RS1)-mediated retinal cell–cell adhesion in
the retina is the underlying cause of X-linked retinoschisis,
leading to vision impairment in young males. Using cryo-electron
microscopy, we show that RS1 forms paired back-to-back octa-
meric rings. This molecular architecture provides a structural basis
for understanding the disruptive effect of many disease-related
mutants, because it localizes residues that are involved in the
proper assembly of the oligomer. The back-to-back ring pairing is
reminiscent of other junctional proteins, where multiple interac-
tions between arrays of the same or similar proteins on two
opposing membranes form a strong adhesion plaque.
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Results
Recombinant RS1 Production. The key to producing adequate
quantities of RS1 was in appending an effective affinity tag. The
mature RS1 cDNA (coding for residues 24–224) was cloned with a
C-terminal 6His tag, expressed in insect cells, and purified by af-
finity chromatography as a secreted protein in the cell-culture
medium. An N-terminal deletion mutant was also produced
(truncated before residue 58). Affinity tags at both ends of the
sequence have been shown to yield secreted oligomeric species:
an myc tag inserted after the signal sequence (22) and a FLAG
tag at the C terminus (23). The C-terminal FLAG tag was shown
not to interfere with normal RS1 biological functioning (Fig. S1).
The histidine-tagged protein used here (Fig. S2) is therefore
not expected to behave differently from the wild-type. On
a blue native gel, the protein ran as a single band at about 400
kDa (Fig. 1A), roughly twice the size expected for a single
octamer.

RS1 Forms a Double-Ring Oligomer. Cryo-electron micrographs of
purified RS1 (Fig. S2B) show numerous double-line particles,
some ring-like structures, and a few single-line particles. We in-
terpret the double-line particles as side views of a two-layered
structure, and the rings as top views. Two-dimensional classifica-
tion and averaging indicated several classes; some examples are
shown in Fig. 1 B–E. The top views have a typical eightfold ap-
pearance (Fig. 1B), consistent with single octamers or double
octamers stacked in register. Fig. 1C shows an oblique view and
Fig. 1D a side view, which is clearly a double-layered particle. Side
views of a single-layered particle were a small minority (∼8%)
(Fig. 1E). The 16-mer is consistent with the size observed in the
blue native gel (16 × 24 kDa = 384 kDa) (Fig. 1A).

The N-Terminal RS1 Domain Is Not Required for Oligomerization. To
localize the RS1 domain and assess its influence on oligomeriza-
tion, a mutant lacking the N-terminal 34 residues of the mature
protein was produced and imaged by negative-stain electron mi-
croscopy. Micrographs of both the full-length wild-type (Fig. S3A)
and the deletion mutant (Fig. S3B) show both top and side views,
consistent with the double octameric ring structure. To examine
the differences, the images were first subjected to 2D classifica-
tion, yielding top- and side-view classes (Fig. S3 C and D). The
prominent difference is the lower density in the middle of the
mutant top view (Fig. S3D) compared with the wild-type (Fig.
S3C). Radial profiles indicate that the density in this region of the
mutant is at the same level as the background (Fig. S3E). Three-
dimensional reconstructions further clarified the location of the
RS1 domains (compare Fig. S3 F and G, blue arrows).

High-Resolution Map of RS1. The cryo-EM data were used to de-
termine a 3D structure with imposed dihedral eightfold symmetry
(D8), yielding a global resolution of 5.2 Å (Fig. S4A). The two
octameric rings are composed of detailed globular subunits.
Masking the map to include only these structures yielded a reso-
lution of 4.1 Å (Fig. S4A), also reflected in local resolution anal-
ysis (Fig. S4B). Sections through the map are shown in Fig. 1 F–M.
The connections between the octameric rings are narrow (Fig. 1 F
and J), although the quality of the map indicates that the avidity of
the eight interactions is sufficient for stable association of the two
rings. Each ring is composed of eight subunits structurally similar
to canonical DS domains, with clearly distinguishable β-strands
arranged in two β-sheets (Fig. 1G and Fig. S4C). A relatively dif-
fuse region of density protrudes from the center of each ring (Fig. 1
H–K). This region, which has appreciably lower resolution than the
DS rings (Fig. S4B), accounts for the RS1 domains. The diffuse
nature of this density and its persistence through the eightfold axis

Fig. 1. RS1 is predominantly a 16-mer arranged as back-to-back octamer rings. (A) A silver-stained blue native gel showing an oligomer of ∼400 kDa, much
larger than an octamer (triangles indicate the expected band position). (B–E) Selected 2D class averages derived from micrographs of frozen-hydrated RS1
particles: (B) top view average; (C) oblique view average of double octamer rings; (D) side view average of double octamer rings; (E) side view average of
single octamer rings. (F–M) Selected slices through the 3D reconstruction. (F) Central slice at the interface between the two octamer rings, the arrow in-
dicating one of the narrow connections between the rings. (G) Slice 16.5 Å from the center, with the two β-sheets indicated by dotted arcs and two β-strands
indicated by arrows. (H) Slice 33 Å from the center, the arrow indicates a node in the ring (the site of an intermolecular disulfide bond) around the diffuse
density in the middle (8 RS1 domains). (I) Guide to the slice levels in F–H. (J) Central slice on a twofold axis, the dotted arc indicating a diffuse density
composed of eight N-terminal RS1 domains. (K) Slice 10 Å from the center showing the node (arrow) corresponding to that in H. (L) Slice 48 Å from the center,
showing the two curved β-sheets with low density in between (arrow). The latter is occupied by bulky side chains in the core of the domain not resolved in this
map. (M) Guide to the slice levels in J–L. (Scale bars, 50 Å.)
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suggests that the RS1 domains are not strictly symmetry-related,
precluding resolving high detail. Fig. 1H shows a ring of density
between the DS and RS1 domains, with nodes interpreted as sites
for the intermolecular disulfide bonds formed by C59 and C223
(arrows in Fig. 1 H and K). Within each DS domain, the two
β-sheets are evidently separated by a cavity (Fig. 1G).

Homology Modeling and Defining Disulfide Bonds. The 16 subunit
densities in the map are unambiguously recognizable as having
the DS fold. The RS1 DS domain has been modeled several
times with confidence based on the high conservation of the fold
(18–20). We used this approach in conjunction with the cryo-EM
map, starting from a computationally derived model in the
SWISS-MODEL repository (swissmodel.expasy.org) (24).
Of particular importance to the modeling was the contribution

of the disulfide bonds to the DS fold and oligomeric assembly
(14, 17). The highly conserved internal disulfide, C63–C219, and
the C110–C142 bond were readily compatible with the model (a
distance of ∼2 Å between the sulfur atoms). The N-terminal
chain was extended to residue 58 and built into the ring density
shown in Fig. 2C. This positioned C59 close enough to C223 of
the neighboring subunit to form an intermolecular disulfide bond
(at the node indicated in Fig. 2C; also see Fig. S4D). The N-terminal
part of the polypeptide chain could not be traced further into
the central density. Sixteen copies of this subunit model (residues
58–224) were built into the cryo-EM map. Explicit disulfides were
generated for C59–C223 (between subunits), C63–C219, and C110–
C142. This satisfies the constraints as given in Wu et al. (14).
The 16 DS-domain structure was refined by “flexible fitting”

(25). Briefly, the process involved rebuilding parts of the struc-
ture to fit better into the experimental density, and refining it
using molecular dynamics with the map as an added constraint.
The resulting structure exhibits the core of the DS domain: two
β-sheets packed against each other. The C59–C223 disulfides are
arranged in a ring in each octamer between the RS1 and DS
domains (blue arrow in Fig. 2). The two octameric rings are held
together by connecting densities located on the dihedral twofold
axes (red arrow in Fig. 2). The model was converted to a density
map, and the agreement between the experimental and com-
puted density maps assessed to be ∼4.7 Å (Fig. S4A).

Discussion
RS1 is unique among known cell-adhesion proteins in that it is
secreted from retinal cells and has no evident membrane-insertions.
Its importance is underscored by the dramatic structural disruption
of the retina caused by the many mutations that lead to XLRS. An
octameric state of RS1 was first described by Wu and Molday (17)
and is taken to be one of the characteristics, together with secretion,
of a functional protein. It is, however, hard to envisage how a single
octameric ring would form a junction between opposing cellular
membranes. Here we show that the assembled state of the mature
wild-type protein is, in fact, a double octamer. In this context, the
native gel analysis showed a complete absence of single octamers
(Fig. 1A), suggesting that the few single-ring particles we observe by
EM (Fig. 1E) are products of dissociation during EM grid prepa-
ration. As discussed below, the back-to-back double rings of RS1
present a structure with the symmetry needed to function as a
homomeric junctional protein.

The Ring–Ring Interface. The connections between the two rings
appear tenuous (Fig. 1F), but suffice for a stable complex. The
residues in the contact regions are 147–148 and 206–210. Of note,
mutants in H207 and R209 still form octamers and are secreted
(Table 1) (26). Several XLRS-related mutants have been described
for R209 (27–29). These basic residues may be sensitive to their
electrostatic environment, which would explain why the major
species observed in sedimentation analysis is a single octamer (14).

The Intermolecular Disulfides. Both inter- and intramolecular
disulfide bonds stabilize the octameric ring (14, 17). The internal
C110–C142 bond was detected in previous homology models and
is thought to stabilize the spikes protruding from the DS fold (17).
Similarly, the emergence of the N- and C-termini on the same side
of the DS domain places them close enough together to form the
C63–C219 bond. At this point the RS1 map shows a rod-like
density connecting neighboring subunits (blue arrow in Fig. 2).
This is interpreted as the extension of the N terminus from C63,
and is compatible with the formation of an intermolecular bond,
C59–C223. Mutational studies indicated that both C63–C219 and
C59–C223 bonds are involved in octamer formation, as mutants
are secreted as mono- and dimers at lower levels (14).

Fig. 2. Top (A) and side (B) views of the RS1 double
octamer with one subunit model highlighted (C).
(A) The blue arrow points to a rod-like density con-
necting neighboring subunits between the DS and
RS1 domains. All cysteine residues are indicated, in-
cluding the intramolecular disulfides, C63–C219 and
C110–C142. C59 and C223 form disulfide bonds with
neighboring subunits. The green arrow points to a
subunit-subunit interface further detailed in Fig. 3.
(B) The RS1 side view shows the connections between
the octameric rings (one indicated by the red arrow).
H207 is located in this contact site and is potentially
involved in the interaction. (C) The monomer ribbon is
colored to indicate β-strands (yellow), helices (blue),
and coil (cyan) secondary structure.
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The Interface Between Subunits in a Ring. The structure determined
for the DS domains is of sufficient quality that the positions of
most residues may be assigned with confidence (Figs. 2 and 3).
To identify residues involved in the intersubunit interface in the
ring, the accessible surface of the monomer was compared with
that of the octamer. Two loops appear to be buried in the in-
terface on one side, each between pairs of β-strands (left side in
Fig. 3). The first is a long stretch from 158 to 172 that is in close

contact with the neighboring subunit. The second is a shorter
sequence, 191–195, that is close enough to the neighboring sub-
unit to exclude solvent, but may not be in direct contact. On the
other side, several motifs contribute to the interface (right side in
Fig. 3). It starts with a short strand-loop from 67 to 74, then
residues 103 and 104 on a loop, and finally a surface of the
β-sheet formed by 137, 139, 183–187, and 215.
Mutations in many of the residues in the intersubunit interface

are associated with XLRS. The side of the interface with the two
loops feature debilitating mutations W163C, Y166H, K167E,
P192S, P193L/S, I194N, and I195V (Fig. 3) (30, 31). The im-
portance of W163 has been noted before in that it forms part of
stacked “sandwich” with residues R200 and W122, likely stabi-
lizing the long loop (158–172), coupling it to the core of the DS
domain (20). The opposing side of the interface similarly in-
cludes several residues with XLRS-associated mutations: E72K,
S73P, G74V, L103F, N104K, T185K, and E215V (Fig. 3). Many
of the mutants involve a change in charge in the interface, and
the interacting coulombic surfaces show charge complemen-
tarity (Fig. 4). Of note is K167, which fits into a pocket lined by
E72 and E215 on the neighboring subunit, probably forming
a salt bridge.

Table 1. The interfaces in the RS1 double octamer mapped to
disease-related mutants and whether they are secreted
as octamers

Sequence Mutant Secreted Octamer Refs.

Subunit interface side 1
68–75 E72K No/little No (17, 23)
185–187 T185K No No (22)

Subunit interface side 2
191–195 P192S No No (23)

Ring–ring interface
206–210 H207Q Yes Yes (26)

R209H Yes Yes (26)

Fig. 3. XLRS-related mutations in the subunit interface and the corresponding positions in the sequence. The interface between adjacent subunits within an
octameric ring (as seen from center) is composed of a long loop on the left subunit (red) and mainly the β-sheet face on the right subunit (blue) composed of
residues 137, 139, 183–187, and 215. The interface loop (160–173) on the left are likely stabilized by the “sandwich” W122-R200-W163, and the interaction of
Y166 with the 192–195 loop. A potential salt bridge can be formed between K167 and either E72 or E215. In the domain scheme at the bottom, the sequence
locations of the subunit interfaces in the DS domain are shown in pink (those at the top are for the right side and those at the bottom for the left side).
Residues potentially involved in the octamer ring connections are shown in dark blue.
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The RS1 Domain. The RS1 domain is not required to produce a
double octameric ring (Fig. S3). These domains are less well
resolved in our map (Fig. 1), and it may not have a unique
structure. The three cysteines (C38, C40, and C42) have been
implicated in oligomerization (14), but no mutants leading to
disease have been reported. The density in the center of each
ring represents eight RS1 domains, giving a total of 24 cysteines
in close proximity. It is possible that these can cross-link in mul-
tiple ways, giving rise to a combinatorially complicated and non-
unique structure. If so, the function of the protein may not rely on
a specific structure for the RS1 domain. To our knowledge, no
missense mutations linked to XLRS have been identified in the
RS1 domain, whereas other mutations tend to result in down-
stream premature termination and a missing or nonfunctional
protein. Thus, the role of this domain remains obscure.

The “Spikes.” Opposite the N and C termini and pointing out-
wards from the octameric rings are loops that vary among DS
domain proteins. Macedo-Ribeiro et al. (32) described the cor-
responding loops of the C2 domain of human coagulation factor
V as three “spikes.” These spikes are commonly associated with
the function of DS domain proteins, in particular ligand binding
(16). Disease-linked mutations yielding secreted oligomeric RS1
(22, 26) occur mostly in this region (F108C, R209H, R141A/G/
H/S, R182C) (Fig. S5). The most prominent loop has at its tip
residues 87–93 (corresponding to spike 1), including the bulky
Y89 and W92 associated with XLRS and implicated in binding to
phospholipids (33). Several DS domain proteins bind to mem-
branes, and in several cases it was proposed that hydrophobic
residues in the spikes embed in the membrane [C2 domains of
factor V (32), factor VIII (34), and lactadherin (35)]. A similar
mechanism for the interaction of RS1 with a membrane was
proposed (20). However, the double-ring structure of RS1 does
not fit this interpretation. An alternative mechanism would in-
volve the carbohydrate moieties of proteins and lipids binding
laterally to the spikes, with the flat surface of the rings facing the
membrane planes. Such lateral interactions may also include
other participants, such as the Na/K ATPase (36), and with R141
implicated in binding of galactose (37) and an L-type voltage-
gated calcium channel (38). However, a structural basis for such
a mechanism still needs to be established.

Requirements for the Functional State of RS1. RS1 is produced as a
disulfide-linked octamer in the endoplasmic reticulum (15).
Many of the XLRS-related mutants do not manage to exit
from the endoplasmic reticulum, because of defects in synthesis,

folding, or assembly. The intersubunit interfaces, as well as the
stabilizing disulfides, play key roles in the proper constitution of
the octamer that is then secreted. The most similar other junc-
tional protein is connexin, where the monomers are packed into
arrays of hexamers in each of the opposing membranes, with
sixfold interactions between each pair to form a channel (4). We
envisage RS1 octamers forming the two halves of a junctional
complex, packed in an array to increase the avidity of cell–
cell interaction.
Immunoelectron microscopy located an abundance of RS1

between closely packed photoreceptor inner segments, where the
separation between membranes is on the order of 100–200 Å
(33). The connections between cells can be very complex, as
manifested in the many proteins involved in tight junctions (2).
Similarly, RS1 does not function in isolation, with other possible
participants being charged lipids (33) and glycoproteins (36,
38, 39). In our scheme, the protruding loops (spikes) then in-
teract laterally with these other actors, forming a densely
packed assembly of proteins sandwiched between the mem-
branes from opposing photoreceptor or bipolar cells. This
places the RS1 domains closest to the membranes in a suitable
orientation for interaction with surface charges or receptors.
Future studies will need to focus on the molecular determi-
nants of the structural and functional organization of RS1 in
retinal membranes.

Methods
Cloning, Expression, and Purification. Two versions of RS1 cDNA were cloned
into bacmid vectors with N-terminal honey bee mellitin leader sequences (to
ensure secretion), and C-terminal hexahistidine (6His) tags: (i) mature RS1
(residues 24–224 + 6His) and (ii) an N-terminal deletion mutant (residues 58–
224 + 6His). The proteins were expressed in Sf9 cells and purified from the
cell culture medium using a cobalt-agarose column, followed by a clean-up
with a Mono Q column. The RS1-6His band (Fig. S2A) was excised from an
SDS/PAGE gel and identified by LC-MS/MS (Fig. S2 C and D). The samples
were finally concentrated by dialysis and spin column in preparation for
microscopy (see SI Methods for details).

Blue Native Gel Electrophoresis. A pooled and dialyzed fraction of RS1 from
theMono Q column was loaded onto a Native PAGE 3–12%Novex Bis-Tris gel
and run in a XCell SureLock system (Invitrogen) in NativePAGE sample buffer
with G-250 sample additive. The gel was stained with silver (Silver Express
Silver Staining Kit, Invitrogen) and scanned with a LI-COR Odyssey Infrared
Imaging System (Model 9120, LI-COR, Biosciences).

Negative-Stain Electron Microscopy. Negatively stained samples were pre-
pared by incubating a drop of purified RS1-6His or Ndel-RS1-6His solution
(∼0.2 mg/mL) on a glow-discharged, carbon-coated, copper grid for 1–2 min,
blotting the excess liquid off and staining with a 2% (wt/vol) uranyl acetate
solution for 30 s. Micrographs were recorded on a Tecnai 12 electron mi-
croscope (FEI) equipped with a 2 K × 2 K energy-filtered CCD camera (Gatan)
at 34,000× nominal magnification (79,000× at the camera, pixel size 3.8 Å).
The EMAN2 software package (40) was used to pick particles and generate
2D class averages.

Cryo-EM. RS1-6His samples (∼0.2 mg/mL) were applied to the carbon side of
plasma-cleaned 2.0-μm hole, 2.0-μm space C-flat holey carbon grids (Proto-
chips), and blotted from the copper side (i.e., backside). These were vitrified
in a LEICA EM GP plunge freezing robot (Leica) at room temperature and
90% humidity. Dose-fractionated images were acquired using SerialEM (41)
on a Polara F30 electron microscope (FEI) equipped with a Gatan K2
Summit direct electron detector camera (Gatan) using counting mode at
39,000× magnification, corresponding to a calibrated 1.03 Å per pixel scale.
The dose rate was ∼10 e− per pixel per second for 3 s to give a total dose of
∼30 e−/Å2.

Image Processing. The dose-fractionated images were aligned and summed
using software provided by Li et al. (42). The EMAN2 software package (40)
was used for picking 11,346 particles (224 × 224 pixels). Two-dimensional
class averages were calculated using RELION v1.3 (43). An initial model was
generated from the 2D top- and side-view class averages using EMAN2, and
low-pass–filtered to 60 Å. Particles that were assigned to 2D classes showing

Fig. 4. Charge complementarity of the two interacting RS1 subunit surfaces.
The Coulombic surfaces of two subunits are shown with their N and C termini
facing each other. Charge-altering disease-linked mutants in the interface
residues include E72K, N104K, T185K, E215K (Left) and K167E (Right). The ly-
sine 167 fits into the negatively charged pocket formed by the glutamates 72
and 215 (the light blue dot on the left surface indicates where K167 fits, and
the pink dot on the right surface indicates where E72 fits). Arginine 200 (Right
surface) does not interact with a neighboring subunit, but rather stabilizes
interface residues on the ridge to the left of it. Scale in kcal/mol.e−. [Calculated
in UCSF Chimera with default settings for Coulombic surfaces (48).]
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only single rings or diffuse averages were excluded from further process-
ing, bringing the final particle count to 9,096 (80%). On the basis of the
double-ring structure in the remaining 2D class averages, D8 symmetry was
imposed during 3D refinement iterations with RELION, also used for
postprocessing the map (i.e., masking and filtering). Programs included in
the RELION package were used for determining CTF parameters, CTFFIND
3 (44), and local resolution, ResMap (45). The overall resolution was de-
termined by the gold standard FSC curve (46). Bsoft (47) was used as a
toolbox for performing intermediary operations during the overall pro-
cessing and reconstruction. The map was deposited in the EM Data Bank
(www.ebi.ac.uk/pdbe/emdb, EMD-6425).

Homology Modeling. A homology model of the RS1 monomer downloaded
from the SWISS-MODEL website (swissmodel.expasy.org) (24) was fitted
manually into the DS domain density of the 3D map using University of
California, San Francisco (UCSF) Chimera (48). The N terminus was ex-
tended from L68 to D58 within a rod-like density extending from the DS
domain to the neighboring subunit. The C terminus was also extended,
from C219 to A224, positioning C223 close to C59 of a neighboring subunit.

All 16 monomers were positioned within the density and the intramolecular
(C110–C142 and C63–C219) and intermolecular (C59–C223) disulfides were
connected. The full 16-mer model was then subjected to interactive MDFF
using NAMD2 (25) and manual-modeling using COOT (49) and FoldIt (fold.it/
portal/) (50). This process was iterated until it converged to a good fit into the
electron density and satisfied most geometric constraints, as assessed using
COOT (49) and MolProbity (51). The final MolProbity score is 2.26, better than
the estimated resolution of the map at 4.1 Å. The final structure was deposited
in the Protein Data Bank (www.rcsb.org/pdb, 3JD6).
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