Cell Reports

Super-Resolution Microscopy Reveals the Native
Ultrastructure of the Erythrocyte Cytoskeleton

Graphical Abstract Authors
Leiting Pan, Rui Yan, Wan Li, Ke Xu

Correspondence
xuk@berkeley.edu

In Brief

Pan et al. resolve the cytoskeletal
organization in native erythrocytes using
STORM super-resolution microscopy,
revealing an ~80-nm junction-to-junction
distance that is in agreement with relaxed
spectrin tetramers and showing that the
junctional complexes are partially
occupied by actin and its capping
proteins.

B-spectrin
N-term.

Highlights
e Super-resolution microscopy resolves the cytoskeleton of
intact erythrocytes

e Native erythrocyte cytoskeleton has an ~80-nm junction-to-
junction distance

e Spectrin tetramers are relaxed rather than stretched/stressed
in erythrocytes

e Actin and its capping proteins occupy subsets of junctional
complexes

Pan et al., 2018, Cell Reports 22, 1151-1158
January 30, 2018 © 2018 The Authors. ‘ eII
https://doi.org/10.1016/j.celrep.2017.12.107


mailto:xuk@berkeley.edu
https://doi.org/10.1016/j.celrep.2017.12.107
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2017.12.107&domain=pdf

Cell Reports

Super-Resolution Microscopy Reveals

the Native Ultrastructure

of the Erythrocyte Cytoskeleton

Leiting Pan,’-2 Rui Yan,? Wan Li,? and Ke Xu234*

1Key Laboratory of Weak-Light Nonlinear Photonics, Ministry of Education, School of Physics and TEDA Institute of Applied Physics,

Nankai University, Tianjin 300071, China

2Department of Chemistry, University of California, Berkeley, Berkeley, CA 94720, USA

3Chan Zuckerberg Biohub, San Francisco, CA 94158, USA
4Lead Contact

*Correspondence: xuk@berkeley.edu
https://doi.org/10.1016/j.celrep.2017.12.107

SUMMARY

The erythrocyte cytoskeleton is a textbook prototype
for the submembrane cytoskeleton of metazoan
cells. While early experiments suggest a triangular
network of actin-based junctional complexes con-
nected by ~200-nm-long spectrin tetramers, later
studies indicate much smaller junction-to-junction
distances in the range of 25-60 nm. Through super-
resolution microscopy, we resolve the native ultra-
structure of the cytoskeleton of membrane-pre-
served erythrocytes for the N and C termini of
B-spectrin, F-actin, protein 4.1, tropomodulin, and
adducin. This allows us to determine an ~80-nm
junction-to-junction distance, a length consistent
with relaxed spectrin tetramers and theories based
on spectrin abundance. Through two-color data,
we further show that the cytoskeleton meshwork
often contains nanoscale voids where the cell mem-
brane remains intact and that actin filaments and
capping proteins localize to a subset of, but not all,
junctional complexes. Together, our results call for
a reassessment of the structure and function of the
submembrane cytoskeleton.

INTRODUCTION

Devoid of organelles and other cytoskeletal components, the
human erythrocyte relies heavily on its membrane cytoskeleton
to maintain structural stability and regulate membrane proteins.
Understanding the structure and function of this key cytoskeletal
system—which also often serves as a textbook prototype for the
cortical (submembrane) cytoskeleton of metazoan cells—is,
therefore, of fundamental importance.

Current models often depict the erythrocyte cytoskeleton as a
two-dimensional triangular meshwork (Figure 1A) composed of
rod-shaped spectrin tetramers that connect at junctional com-
plexes consisting of short actin filaments, adducin, tropomodu-
lin, protein 4.1, and associated proteins (Alberts et al., 2015;
Baines, 2010; Bennett and Gilligan, 1993; Lux, 2016). Estimates
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based on the copy numbers of spectrin molecules and the total
area of the erythrocyte membrane have suggested the edges of
the meshwork (d in Figure 1B) to be 70-80 nm (Lux, 2016; Ver-
tessy and Steck, 1989; Waugh, 1982), close to the root-mean-
square end-to-end distance of relaxed spectrin tetramers pre-
dicted from the experimental viscosity data of spectrin dimers
(Stokke et al., 1985).

However, it remains a challenge to experimentally determine
the actual ultrastructure of the erythrocyte cytoskeleton. Elec-
tron microscopy (EM) data of spread erythrocyte cytoskeletons
show ~200-nm meshwork edges (Byers and Branton, 1985;
Liu et al., 1987; McGough and Josephs, 1990), consistent with
the extended full length of spectrin tetramers (Shotton et al.,
1979). Conversely, results from quick-freezing, deep etching,
and rotary replication (QFDERR) and atomic force microscopy
(AFM) of non-spread cytoskeleton suggest substantially denser
meshworks of conflicting average edge length, d, in the wide
range of 25-60 nm (Ohno et al., 1994; Swihart et al., 2001; Take-
uchi et al., 1998; Ursitti et al., 1991; Ursitti and Wade, 1993).
A recent study using cryo-electron tomography of the mem-
brane-removed cytoskeleton of mouse erythrocytes indicated
a ~46-nm edge length (Nans et al., 2011).

Difficulty in obtaining the native ultrastructure of the erythro-
cyte cytoskeleton arises from the extensive sample processing
necessary for previous studies, in which samples were often
dried and/or membrane removed. By reaching ~20-nm optical
resolution, recent advances in super-resolution fluorescence
microscopy (Hell, 2007; Huang et al., 2010) offer new opportu-
nities: ultrastructure can now be probed in wet and live cells
with minimal sample processing. In particular, recent work led
to the discovery of a periodically arranged, spectrin-actin-based
submembrane cytoskeleton in neuronal cells (Xu et al., 2013).
There, spectrin tetramers connect actin-based junctional com-
plexes to form one-dimensional (D’Este et al., 2015, 2016,
2017; Ganguly et al., 2015; Han et al., 2017; He et al., 2016;
Leterrier et al., 2015; Xu et al., 2013; Zhong et al., 2014) and
two-dimensional (D’Este et al., 2017; Han et al., 2017) lattices
with 180-190 nm periodicity. This value agrees with the
extended length of spectrin tetramers (Bennett et al., 1982; Shot-
ton et al., 1979), as well as the aforementioned EM results of
spread erythrocyte cytoskeleton but contrasts with the substan-
tially smaller grid sizes found in non-spread erythrocytes.
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Figure 1. Super-Resolution Microscopy for the Cytoskeleton of Membrane-Preserved Erythrocytes

(A) Current model of the spectrin-actin-based cytoskeleton of erythrocytes.

(B) A close-up of an edge of the cytoskeletal network. Rod-like spectrin tetramers are connected by junctional complexes containing short actin filaments,
adducin, tropomodulin, and protein 4.1, thus forming a quasi-triangle network with edge length d. The N termini of B-spectrin bind to actin at the junctions, and the

C termini of B-spectrin are at the centers of the network edges (open triangles).

(C) 3D-STORM super-resolution image of intact human erythrocytes that were first chemically fixed and then immunolabeled for tropomodulin. Color is used to

present the depth (z) information.

(D) Virtual cross-section of the 3D-STORM data in the xz plane along the white dash line in (C).
(E) Zoom-in of the cell on the left in (C). Arrows point to nanoscale tropomodulin-deficient voids.
(F) DIC microscopy recording of the bottom-flattening process of a live erythrocyte.

(G) 3D-STORM super-resolution image of tropomodulin in bottom-flattened erythrocytes.

(H) Virtual cross-section of the 3D-STORM data in the xz plane along the white dash line in (G).
(I) Zoom-in of the cell on the left in (G). Arrows indicate nanoscale tropomodulin-deficient voids.

Here, we initiated a systematic super-resolution microscopy
study of the intact cytoskeleton of membrane-preserved human
erythrocytes at ~25-nm spatial resolution. This allowed us to
reveal structural arrangements that are markedly different from
previous experimental results of both erythrocytes and neuronal
cells.

RESULTS

We started with human erythrocytes that were first chemically
fixed and then immunolabeled for super-resolution microscopy
(Figures 1C-1E). Three-dimensional stochastic optical recon-
struction microscopy (8D-STORM) (Huang et al., 2008; Rust
et al., 2006) showed that the biconcave-disk shape of the eryth-
rocytes led to suboptimal resolution and complicated data inter-
pretation as the cell surface frequently came in and out of the
~800-nm focal range of 3D-STORM (Huang et al., 2008).

To overcome this limitation, we developed an alternative
approach in which live erythrocytes were first allowed to adhere
to a polylysine-coated coverslip for a few minutes before subse-
quent fixation and labeling. Differential interference contrast
(DIC) microscopy showed that, upon contact with the coverslip,
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the bottom membrane of erythrocytes spread flat within seconds
(Figure 1F). 3D-STORM results indicated that the bottom mem-
brane cytoskeleton was flat down to the axial resolution limit
(~50 nm) (Huang et al., 2008) and that this cytoskeletal layer
quickly rose in height at the cell edges to outside of the focal
range (Figures 1G and 1H). Consequently, only the cytoskeleton
associated with the bottom membrane was imaged. The possi-
bility to perform 3D-STORM at the coverslip surface allowed
us to achieve optimal image quality. Tropomodulin labeling
showed up as individual clusters that were ~11 nm in SD and
~26 nm in full width at half maximum (FWHM), in good agree-
ment with the in-plane resolution of 3D-STORM (~25 nm) (Huang
et al., 2008). Similar cluster density and structural features were
found for the bottom-flattened cells (Figure 11) and the fixation-
first cells (Figure 1E). With this approach, we examined the ultra-
structure of six different targets of the erythrocyte cytoskeleton
in membrane-preserved cells.

For spectrin-related targets that should localize to junctional
complexes, the N termini (actin-binding domain) of B-spectrin
and protein 4.1 both showed up as clusters with relatively uni-
form distribution across the cell membrane at high density (Fig-
ures 2A, 2B, 2D, and 2E; Figure S1). Clusters showed apparent
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Figure 2. 3D-STORM Results of B-Spectrin and Protein 4.1 in Membrane-Preserved Erythrocytes

(A) 3D-STORM image of the N terminus (actin-binding domain) of B-spectrin.
(B) Zoom-in of (A).

(C) Distribution of distances between nearest neighbors of B-spectrin clusters in (A). Insets: two-dimensional autocorrelation for the magenta- and cyan-boxed

regions in (A) and (B).
(D) 3D-STORM image of protein 4.1.
(E) Zoom-in of (D).

(F) Distribution of distances between nearest neighbors of protein 4.1 clusters in (D). Insets: Two-dimensional autocorrelation for the magenta- and cyan-boxed

regions in (D) and (E).

(G) 3D-STORM image of the C terminus of B-spectrin (center of spectrin tetramer).
(H) Zoom-in of (G).The same color scale as Figure 1C is used to present the depth (z) information of all images. White arrows in (B), (E), and (H) point to nanoscale

voids.
See also Figure S1.

sizes of ~30 nm in FWHM, a value just slightly larger than the in-
plane resolution of 3D-STORM (~25 nm). Considering that each
cluster represents the converging point of ~6 spectrin tetramers
(Figures 1A and 1B), this result suggests that the N termini of
the ~6 B-spectrin molecules meet at the same position within
~20 nm. Similar packed arrangements were observed for the
clusters of both targets, with generally uniform center-to-center
distances between adjacent clusters. Statistics of distances be-
tween nearest neighbors (Figures 2C and 2F) gave distributions
of ~50-100 nm, with peaks at ~70 nm for both targets, and
consistent results were obtained for different cells (Figure S1).

Two-dimensional autocorrelations of small regions of the
images (D’Este et al., 2017; Han et al., 2017) gave distorted
hexagonal lattices with ~70-90 nm distances between the Oth
and 1st peaks (insets of Figures 2C and 2F), indicative of local
triangular lattices at such spacings that are substantially
smaller than the fully stretched length of spectrin tetramers
(~200 nm). Accompanying this dense arrangement, however,
voids ~200 nm in size were frequently observed for both targets
(white arrows in Figures 2B and 2E; Figure S1). Together, the
observed cluster density was comparable for both targets at
~110/pum?.
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Figure 3. 3D-STORM Results of Actin Filaments and Actin-Capping Proteins in Membrane-Preserved Erythrocytes

(A) Results of phalloidin-labeled actin filaments.
(B) Results of tropomodulin.
(C) Results of adducin.

Left, center, and right panels of (A)-(C) give 3D-STORM images at low and high magnifications and distribution of distances between nearest neighbors of

clusters, respectively.
See also Figures S2, S3, and S4.

We next examined the structural organization of the C termi-
nus of B-spectrin, which should correspond to the center of
each spectrin tetramer (Figure 1B). A very high labeling density
was observed (Figures 2G and 2H; Figure S1), and distances
between adjacent clusters were difficult to quantify. This result
is expected, as the area density of the centers of spectrin tetra-
mers should, in principle, be 3-fold higher than junctional
complexes, and the organization is more complicated than a
simple triangular lattice (Figure 1A). Despite this high density,
voids ~200 nm in size (arrows in Figures 2H and S1) were still
frequently observed, similar to what we found for the N termini
of B-spectrin and protein 4.1.

In contrast to the dense, packed arrangements of spectrin and
protein 4.1, actin filaments (labeled by dye-tagged phalloidin [Xu
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et al., 2012]) (Figures 3A and S2), as well as two proteins that
respectively cap the two ends of the actin filaments—namely,
tropomodulin and adducin (Figures 3B and 3C, and S2)—ex-
hibited lower cluster densities of 80/pm?, 70/um?, and 45/um?,
respectively. Interestingly, though presented at lower densities,
statistics of distances between nearest neighbors still yielded
peaks at 70-90 nm for all three actin-related targets (Figures 3
and S2), comparable to that of the N termini of B-spectrin and
protein 4.1 (Figures 2C, 2F, and S1). This result may be explained
as that the actin-related targets occupy a subset of the same
underlying junctions as the N terminus of B-spectrin and protein
4.1 and that the measurement of the distance between nearest
neighbors is insensitive to occupancy. To test this possibility,
we simulated junction structures based on a triangular lattice
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Figure 4. Two-Color STORM Results of Membrane-Preserved Erythrocytes
(A—C) Separate STORM images of the N terminus (A; green) and C terminus (B; magenta) of B-spectrin, and overlaid STORM image (C).

D) Zoom-in of the box in (C). Arrows point to co-localized nanoscale voids.

E) Calculated two-dimensional cross-correlations between the two channels at different intermolecular distances based on the experimental (red) and simulated

F-H) Separate STORM images of protein 4.1 (F; green) and tropomodulin (G; magenta) and overlaid STORM image (H).

(
(
(black) data.
(
(

1) Zoom-in of the box in (H).

(J) Calculated two-dimensional cross-correlations between the two channels for the experimental (red) and simulated (black) data. Simulation was based on 60%

sites of protein 4.1 being occupied by tropomodulin.

(K-M) Separate STORM images of the membrane dye CM-Dil (K; green) and N terminus of B-spectrin (L; magenta), and overlaid STORM image (M).
(N) Zoom-in of the box in (K). Arrow points to a nanoscale void in the spectrin image.
(O) Calculated two-dimensional cross-correlations between the two channels for the experimental (red) and simulated (black) data. Error bars indicate the SD

between six sets of simulated data.

of 85-nm edges, with added random positional scattering of
each junction, and compared the distribution of junction-to-
junction distances between nearest neighbors when the lattices
were 90% or 25% occupied. Comparable peak positions at
~70-80 nm were found for the two scenarios (Figure S3), in
line with our experimental observations.

We next carried out two-color STORM to elucidate the
structural relationships between different targets. Labeling to
the N and C termini of B-spectrin, which should localize to the
vertices and edges of the spectrin meshwork, respectively (Fig-
ures 1A and 1B), showed complimentary patterns at the nano-
scale, so that the latter filled into the gaps between adjacent
labeling of the former (Figures 4A-4D). Two-dimensional pair-
wise cross-correlation calculation (Sengupta et al., 2011; Stone
and Veatch, 2015) between the two color channels (Figure 4E),
as performed by a modified algorithm for single-molecule
localizations (Supplemental Experimental Procedures), showed

a minimum value of ~0.75 at zero intermolecular distance, and
this value quickly rose to ~1 within ~50 nm, thus further confirm-
ing complimentary patterns at the nanoscale. This behavior
matched well to simulated results based on an 85-nm triangular
lattice (Figure 4E and inset). Notably, while the N and C termini of
B-spectrin labeling are complementary to each other in the
meshwork, the aforementioned ~200-nm voids often co-local-
ized for the two channels (arrows in Figures 4A-4D), indicating
that these regions are, indeed, devoid of cytoskeleton.
Meanwhile, two-color results of protein 4.1 and tropomodulin,
two targets that should both locate to junctional complexes,
showed that the former formed a denser and more uniform
array, whereas the latter co-localized with, or was in close prox-
imity to, a subset of the clusters of the former (Figures 4F-4l).
Cross-correlation calculation between the two color channels
showed a maximum of ~1.6 at zero intermolecular distance,
which quickly dropped to ~1 within ~50 nm, thus further
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confirming co-localization at the nanoscale and matching well
with simulated results (Figure 4J).

To understand whether the cytoskeletal ultrastructure,
including the ~200-nm-sized voids we observed, modulates
the structure of the cell membrane, we next performed two-color
STORM using the N terminus of B-spectrin to represent the cyto-
skeleton and the lipid marker CM-Dil for STORM of the mem-
brane (Shim et al., 2012; Wojcik et al., 2015). The cell membrane
was continuously labeled by CM-Dil (Figure 4K). Although nano-
scale inhomogeneity was noted for local labeling intensity, a
phenomenon also observed in other cell types (Shim et al.,
2012; Wojcik et al., 2015), the variations were independent of
the local cytoskeleton ultrastructure (Figures 4K-4N). In partic-
ular, the ~200-nm cytoskeletal voids did not correspond to voids
or weaker labeling of the membrane (arrows in Figures 4K-4N),
indicating that the cell membrane remains intact over these
areas. Cross-correlation calculation gave values ~1 for all inter-
molecular distances (Figure 40), confirming no specific struc-
tural relationships between the two color channels.

DISCUSSION

Through 3D-STORM, we have resolved the native ultrastructure
of the cytoskeleton of membrane-preserved human erythro-
cytes, with all sample processing and imaging procedures
carried out under fully hydrated and buffered conditions.
Molecular specificity was achieved for six targets through fluo-
rescent labeling, thus enabling quantitative examinations of their
respective structural organizations, as well as their relative
arrangements versus each other and the cell membrane, at the
nanoscale.

The ~80-nm edge length we found for the cytoskeletal
meshwork is less than one half of the classical results from EM
of spread erythrocyte cytoskeletons (Byers and Branton, 1985;
Liu et al., 1987; McGough and Josephs, 1990). This result indi-
cates that the spectrin tetramers in spread preparations are artifi-
cially extended. Regarding the vastly different results (25-60 nm)
obtained from non-spread preparations, QFDERR and AFM often
work with heavily fixed and dried samples, and the limited molec-
ular specificity makes it difficult to ascertain which structural fea-
tures correspond to actual edges connecting junctional com-
plexes (Ohno et al., 1994; Swihart et al., 2001; Takeuchi et al.,
1998; Ursitti et al., 1991; Ursitti and Wade, 1993). While recent
work with cryo-electron tomography partially overcomes these
limitations, cell membrane is removed before centrifugal fraction-
ation on a sucrose gradient, and cytoskeletons from the top
and bottom membranes are juxtaposed in the preparation (Nans
et al., 2011), thus adding uncertainties to results.

Remarkably, the ~80-nm length we observed matches well
that estimated from the total amount of spectrin molecules in
the erythrocyte membrane (Lux, 2016; Vertessy and Steck,
1989; Waugh, 1982), as well as the predicted root-mean-square
end-to-end distance of relaxed spectrin tetramers (Stokke et al.,
1985). Our results thus suggest that the cytoskeleton of resting
erythrocytes is in a relaxed state close to thermodynamic
equilibrium. This may be functionally helpful for erythrocytes
to accommodate both expansion and compression as they
undergo frequent structural deformation during circulation.
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Our results, however, raise the counter-question of why the
recently discovered spectrin-actin-based membrane cytoskel-
eton of neuronal cells (D’Este et al., 2015, 2016, 2017; Ganguly
et al., 2015; Han et al., 2017; He et al., 2016; Leterrier et al.,
2015; Xu et al., 2013; Zhong et al., 2014), obtained under similar
super-resolution settings, is characterized by an 180- to 190-nm
periodicity that matches the extended full length of spectrin tet-
ramers (~195 nm) (Bennett et al., 1982; Shotton et al., 1979).
Although, in neuronal cells, a«ll-Bll spectrin tetramers dominate
(Baines, 2010; Bennett et al., 1982; Levine and Willard, 1981)—
as opposed to al-Bl tetramers in erythrocytes —the protein struc-
tures, including extended lengths of the tetramers (Bennett et al.,
1982), are highly similar. The contrasting lengths of spectrin tet-
ramers in erythrocytes and neuronal processes thus suggest that
the latter is under constant tensile stress (Zhang et al., 2017).
This force may be provided by the microtubule and neurofila-
ment cytoskeletal systems that jam-pack inside neuronal pro-
cesses, which are absent in erythrocytes. Indeed, it has been
shown that the 180- to 190-nm spectrin periodicity in neurons
relies on intact microtubules (Zhong et al., 2014). In addition, in
neuronal processes, the spectrin tetramers are bundled by actin
rings and aligned in the same direction: this synergistic arrange-
ment may increase the effective rigidity of spectrin tetramers (Lai
and Cao, 2014).

Despite the small grid size, our results further revealed that the
dense erythrocyte cytoskeleton often contained voids ~200 nm
in size. Two-color STORM results indicated that these nanoscale
voids corresponded to regions devoid of cytoskeletal compo-
nents but that their existence did not affect the integrity of
the plasma membrane. Such imperfections in the cytoskeletal
meshwork may behave as structural weak points to facilitate
quick changes of the erythrocyte shape during circulation.
Previous work on the AFM of erythrocytes under physiological
conditions (Nowakowski et al., 2001) has occasionally noted
nanoscale “dimples” where the plasma membrane is pushed
further into the cell by the AFM tip, indicative of cytoskeletal
defects that weaken the local membrane. Scrutiny of previous
EM and AFM results on the erythrocyte cytoskeleton occasion-
ally identified voids that could be consistent with our results
(Liu et al., 1987; Nans et al., 2011; Ohno et al., 1994; Takeuchi
et al., 1998); however, it is difficult to determine whether
these structures are native or due to the extensive sample
processing involved, and the viewing windows are often small
when compared to our whole-cell STORM images.

While the locations of the different targets revealed by STORM
in this work were consistent with that deduced from the in vitro
interactions of purified proteins (Figures 1A and 1B), the actual
structural arrangements, including occupancies, of different tar-
gets have been difficult to visualize in cells. In our results, actin
filaments and actin-capping proteins, tropomodulin and addu-
cin, localized to a subset of the junctional complexes. Previous
work has shown that phalloidin labeling of fixed cells does not
visualize the presumably less stable, periodic actin cytoskeleton
in early-stage neurons as detected in live cells by a jasplakino-
lide-based stain (D’Este et al., 2015). We found that, when at
rest in a buffer, actin filaments in the erythrocyte were stable
and resistant to actin-destabilizing drugs (Figure S4), a result in
agreement with previous diffraction-limited microscopy results



(Betz et al., 2009; Gokhin et al., 2015). Assuming that these sta-
ble filaments and associated proteins are well preserved in fixa-
tion, the observed disparity in their labeling when compared to
that of protein 4.1 and the N and C termini of B-spectrin indicates
that the cytoskeletal meshwork remains stable as the actin fila-
ments and actin-capping proteins are absent for a subset of
the junctional complexes. It is conceivable, however, that junc-
tions without bound actin filaments may act as weak points to
initiate the aforementioned nanoscale cytoskeletal voids.
Finally, while our results indicated that the structural organiza-
tion of the erythrocyte cytoskeleton does not possess long-
range orders as neurons, aspects of the structure may be, to a
first-order approximation, captured by a triangular lattice of
85-nm grid length with random removal and scattering of nodes.
Together, our super-resolution results thus call for both experi-
mental and theoretical reassessments of the structure and func-
tion of the erythrocyte cytoskeleton and, more generally, the
spectrin-actin-based cortical cytoskeleton of metazoan cells.

EXPERIMENTAL PROCEDURES

Sample Preparation
Erythrocytes were adhered to polylysine-coated glass coverslips for chemical
fixation and immunofluorescence labeling. See Supplemental Experimental
Procedures for details.

STORM Imaging

3D-STORM imaging (Huang et al., 2008; Rust et al., 2006) was carried out on
a home-built setup, as described in Wojcik et al. (2015). Most of the labeled
dye molecules in the sample were photoswitched into a dark state, and
fluorescence images of the remaining, sparsely distributed, emitting single
molecules were recorded and super-localized over ~50,000 camera frames.
A cylindrical lens differently elongated single-molecule images based on the
depth (z) position. 3D-STORM images were reconstructed according to
previously described methods (Huang et al., 2008; Rust et al., 2006), in which
the centroid positions and ellipticities of each single-molecule image provided
the lateral and axial positions, respectively. See Supplemental Experimental
Procedures for details.

Data Analysis and Modeling

Two-dimensional cross-correlation analysis (Sengupta et al., 2011; Stone and
Veatch, 2015) was performed by calculating the pairwise intermolecular dis-
tances between single molecules identified in the two color channels. The dis-
tance distribution was normalized by results generated from multiple sets of
molecules randomly distributed in the same area. Consequently, the resultant
normalized cross-correlation amplitudes at given displacements indicate cor-
relation and anti-correlation of the two color channels for values >1 and <1,
respectively. Simulations of the cytoskeleton network were based on a trian-
gular lattice with 85-nm-long edges, with added random shifts to the vertices
and edge centers. Targets at the junctional complexes occupied a random
fraction of the vertices. See Supplemental Experimental Procedures for
details.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures

and four figures and can be found with this article online at https://doi.org/
10.1016/j.celrep.2017.12.107.
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Figure S1. Additional 3D-STORM results of p-spectrin and protein 4.1 in membrane-preserved erythrocytes.
Related to Figure 2. Distributions of distances between nearest neighbors are given for N-terminus of -spectrin and protein
4.1 for the cells on the left. White arrows point to nanoscale voids. Inset gives a corresponding, diffraction-limited
epifluorescence image: structural details, including the nanoscale voids, are unresolved.
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Figure S2. Additional 3D-STORM images of 3D-STORM results of actin filaments and actin-capping proteins in
membrane-preserved erythrocytes. Related to Figure 3. Distributions of distances between nearest neighbors are given
for the cells on the left.
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Figure S3. Simulation of distances between nearest clusters. Related to Figure 3.

(A) A part of the simulated data of junctional complexes based on a triangular lattice with 85 nm-long edges and an added
random positional scattering of 6 = 12 nm for each junction, with random removal of 10% of the junctions (90%
occupancy).

(B) Distribution of junction-to-junction distances between nearest neighbors from the arrangement in (A).

(C and D) Same as (A and B), but with 75% of the junctions randomly removed (25% occupancy).



Figure S4. The actin cytoskeleton after drug treatments. Related to Figure 3. Erythrocytes were treated with 10 uM
latrunculin A (LatA) for 3 h or 1 pM cytochalasin D (CytoD) for 1 h before depositing onto coverslips, and were further
incubated for an additional 1 h in the presence of the drug before fixation. No noticeable structural changes were observed
for the erythrocyte actin cytoskeleton. As a positive control, severe disruption of the actin cytoskeleton was observed for
COS-7 cells with much lower drug concentrations and/or shorter treatment times (1 h treatments of 0.5 uM latrunculin A
and 1 uM cytochalasin D).



Supplemental Experimental Procedures

Reagents. Poly-L-lysine solution (molecular weight: 70-150 kDa; P4707), saponin (S4521), bovine serum albumin (BSA)
(A3059), cysteamine (30070), glucose oxidase (G2133), catalase (C30), MES (69892), and other general reagents were
purchased from Sigma-Aldrich (St Louis, MO, USA). EM-grade paraformaldehyde (15714) and glutaraldehyde (16365)
were from Electron Microscopy Sciences (Hatfield, PA, USA). CM-Dil (V-22888) and Alexa Flour 647-conjugated
phalloidin (A22287) were from Invitrogen (Carlsbad, CA, USA). Primary antibodies used: Tropomodulin 1, mouse
monoclonal, OriGene TA503146; protein 4.1R, rabbit polyclonal, Sigma HPA028414; adducin, rabbit polyclonal, Abcam
ab51130; N-terminus of B-spectrin (actin-binding domain), rabbit polyclonal, Millipore ABT185; C-terminus of B-spectrin,
mouse monoclonal, NeuroMab 73-374. Alexa Fluor 647-conjugated secondary antibodies (A31571 and A21245, Invitrogen)
were used for single-color STORM and two-color STORM with CM-Dil. For other two-color STORM experiments, one
target was labeled by an Alexa Fluor 647-labeled secondary antibody, and the second target was labeled by a secondary
antibody conjugated with CF568 succinimidyl ester (#92131, Biotium, Fremont, CA, USA).

Sample preparation. Glass coverslips (dia. 12 mm) were acid washed and then coated with 0.1 mg/mL poly-L-lysine for 3
h at room temperature. After washing with deionized water, coverslips were dried and placed at the bottom of 24-well
plates. 4 puL of fresh human blood was diluted in 6 mL phosphate-buffered saline (PBS) containing 10 mM glucose and 5
mg/mL BSA (PBS-GB), and washed once with PBS-GB by centrifugation at 1200 rpm for 5 min. The final suspension was
adjusted to ~3x10° cells/mL in PBS-GB. For adhesion-first experiments, 500 pL of the live-erythrocyte suspension was
added to each well and allowed to adhere for ~10 min at room temperature. Unattached cells were removed by washing
twice with PBS-GB. For immunofluorescence, attached cells were fixed in 4% paraformaldehyde for 10 min. Fixed cells
were first blocked with a solution of 3% BSA and 0.05% Triton X-100 in PBS for 2 min, and then stained with
corresponding primary and secondary antibodies in 3% BSA in PBS for 2 h and 40 min, respectively. For labeling of cell
membrane, sample was then incubated with a CM-Dil staining solution for 20 min. For phalloidin labeling of actin
filaments, attached cells were treated by 0.0015% saponin in cytoskeleton buffer (CB; 10 mM MES, pH 6.1, 150 mM NaCl,
5 mM EGTA, 5 mM glucose and 5 mM MgCl,) (Xu et al., 2012) for 4 min, fixed in 2% glutaraldehyde in CB for 20 min,
and reduced with a freshly prepared 0.1% sodium borohydride solution in PBS. Alexa Flour 647-conjugated phalloidin was
applied at a concentration of ~0.4 uM for 40 min. For fixation-first experiments, live cells were suspended in a fixation
solution of 3% paraformaldehyde and 0.1% glutaraldehyde in PBS for 10 min, centrifuged at 1200 rpm, and resuspended in
PBS at ~3x10° cells/mL. The fixed cells were allowed to adhere to the poly-L-lysine coated coverslips for ~4 h for
subsequent immunofluorescence procedures as described above.

STORM super-resolution microscopy. 3D-STORM (Huang et al., 2008; Rust et al., 2006) was carried out on a home-
built setup based on a modified Nikon Eclipse Ti-E inverted optical microscope using an oil-immersion objective (Nikon
CFI Plan Apochromat A, 100X, numerical aperture = 1.45), as described previously (Wojcik et al., 2015). Briefly, samples
were mounted on glass slides using a standard STORM imaging buffer consisting of 5% (w/v) glucose, 100 mM
cysteamine, 0.8 mg/mL glucose oxidase, and 40 pg/mL catalase in Tris-HCI (pH 7.5) (Huang et al., 2008; Rust et al., 2006).
Lasers at 647, 560, and 405 nm were introduced into the sample through the back focal plane of the objective, and shifted
towards the edge of the objective so that emerging light reached the sample at incidence angles slightly smaller than the
critical angle, thus illuminating ~1 pm within the glass—water interface. A strong (~2 kW c¢m™) excitation laser of 647 nm
(for Alexa Fluor 647) or 560 nm (for CF568 and CM-Dil) photoswitched most of the labeled dye molecules into a dark
state, while also exciting fluorescence from the remaining, sparsely distributed emitting dye molecules for single-molecule
localization. A weak 405-nm laser was used concurrently with either the 647- or 560-nm lasers to reactivate fluorophores
into the emitting state. The power of the 405-nm laser (typical range 0-1 W ¢cm™) was adjusted during image acquisition so
that at any given instant, only a small, optically resolvable fraction of fluorophores was in the emitting state. A cylindrical
lens was inserted into the imaging path to introduce astigmatism so that images of single molecules were elongated in
opposite directions for molecules on the proximal and distal sides of the focal plane (Huang et al., 2008). Data was
collected at 110 frames per second using an Andor iXon Ultra 897 EM-CCD camera, for a total of ~50,000 frames per
image. 3D-STORM raw data were processed according to previously described methods (Huang et al., 2008; Rust et al.,
2006), in which the centroid positions and ellipticities of the single-molecule images obtained in each frame were
respectively used to deduce the lateral and axial positions of each molecule.

Data analysis and modeling. Two-dimensional cross-correlation analysis (Sengupta et al., 2011; Stone and Veatch, 2015)
was performed by calculating the pairwise intermolecular distances between single molecules identified in the two color
channels. Using a custom MATLAB program, a histogram was generated for the counts of molecule pairs that fell into
different ranges of distances. This histogram was then normalized by histograms generated from multiple sets of molecules
randomly distributed in the same area. The resultant normalized cross-correlation values (Figures 4E, 4], and 40) are thus
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expected to show, in the limit of zero intermolecular distance, a value of <1 and >1 for excluding and co-localizing patterns
in the two channels, respectively (e.g., Figures 4E and 47J). This initial value then tends to decay to 1 at increased
intermolecular distances, and the decaying distance reflects the length scale over which the exclusion or co-localization
occurs. Additional peaks and troughs may be observed for periodic patterns. For two independent structures in the two
color channels, the normalized cross-correlation values are ~1 at all intermolecular distances (e.g., Figure 40). To model
the cytoskeleton network for comparison with experimental results, a triangular lattice with 85 nm-long edges was used as
the starting point for all simulations. The vertices and edge centers were individually shifted randomly according to a two-
dimensional Gaussian distribution of a standard deviation of 6 = 12 nm. Targets at the junctional complexes occupied a
random fraction of the vertices (e.g., Figure S3). To simulate STORM data for comparison with cross-correlation analysis,
single-molecule localizations were simulated as two-dimensional Gaussian distributions with a fixed standard deviation of
11 nm, corresponding to the localization uncertainty of STORM.
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