Supplementary Text

A note on the interpretation of drug treatments on ER motion

At first glance, the ability of a wide range of drugs to alter or reduce ER motion is
an intriguing but puzzling finding, since the pharmacological treatments selected affect
highly diverse components of cellular biology. However, despite their apparent diversity,
all of the treatments used target systems within the cell that are known to be major
consumers of cellular energy sources. A number of studies have suggested that living
cells have local fluctuations in cytoplasmic pressure as a result of many active
intracellular forces, some of which have known origins (40-43). These fluctuations are
dependent on cellular energy sources. These cytoplasmic variations in local pressure
seemed a possible source for ER motion. Consequently, drug treatments were selected to
target several of the most fundamental, energy-consuming processes in cells, and it is
thus not surprising that they had markedly similar and dramatic effects on ER motion.
Some notes on the reason for selecting each treatment are given below:

Depletion of cellular ATP was achieved using DOG + NaN3s as has been previously
characterized, and the treatment was independently verified to have been
functional by confirming the significant reduction of motion in the actin
cytoskeleton (data not shown). This treatment has been previously demonstrated
to reduce cytoplasmic fluctuations to a level consistent with purely thermal
contributions after 1 h of treatment (44).

Block of access to cellular energy sources was accomplished by treatment with AIF,
which locks trimeric G-proteins in a false GTP-bound state. This condition has
been shown to broadly block cellular access to energy stored in the form of GTP
and a significant proportion of energy stored in the form of ATP.

Inhibition of a major subset of actomyosin-based motor proteins was achieved by
treatment with a high concentration of Blebbistatin, a myosin II inhibitor. This
drug has previously been demonstrated to halt a significant proportion of actin
cytoskeleton dynamics and is known to substantially reduce cytoplasmic
fluctuations (44).

Microtubule depolymerization was attained using a high dose of nocodazole, as
microtubule-based motor proteins are thought to be a substantial contributor to
cytoplasmic motion (435).

Cellular translation was blocked using two separate treatments, one that leaves the
ribosome-RNA complex intact (CHX) and another that causes its dissociation
(Puromycin). Both of these reduced ER motion in a similar manner to energy
depletion. Translation has been estimated to be the utilizer of up to 20% of
cellular energy (reviewed in (46)), but to the best of our knowledge it has not been
directly tested as a source of cytoplasmic motion.

We therefore conclude that ER motion appears to be broadly linked to cellular
energy consumption, but it is not yet clear if this is the direct result of cellular forces
causing random motion in the cytoplasm or not.

A note on the size and lifespan of spaces
As reported in the main text, the relocation of the fluorescent protein tag from the
membrane (Sec61p) to lumen of the ER (ER3) results in the appearance of smaller




diameter tubules and thus larger measureable gaps between tubules. Thus, a luminal
marker, such as ER3, not only gives the appearance of larger distances between tubules,
but also allows smaller spaces between the tubules to be measured. We find there is a
direct correlation between the size and lifespan of spaces (data not shown), with larger
spaces lasting longer than small spaces. It then follows that with a luminal ER marker,
more short lived spaces can be measured due to the ability to distinguish between more
tightly packed tubules, as seen in Fig. 2D and tables S3 and S4. These results are most
consistent with a model of the ER that is a dense array of tubular matrices as opposed to
fenestrated sheets. Assuming that tubes and junction on average are moving at similar
speeds, the spaces between them would then disappear more quickly if the tubes are
closer and more slowly if the tubes are sparse.

Rationale for the selection of FIB-SEM

The optical imaging techniques presented in this paper are able to resolve the
structure of ER matrices most readily in the thin periphery of cells, where the cell is in
the range of hundreds of nanometers thick. Indeed, when we measure the span between
plasma membranes in a FIB-SEM cross-section, we find the distance to average 900 +
300 nm (fig. S5). While it is possible that ER matrices are also located in the thicker,
denser regions of the cell closer to the nucleus, it seemed prudent to choose an electron
microscopy approach that would maximize our chances of (i) finding structures in thin
regions of cells that are close to the coverslip and (ii) being able to resolve structures that
may exist within this small range above the coverslip.

Most successful three dimensional EM reconstructions of the ER have been
performed using serial-section or serial block-face scanning approaches (24, 25). While
these approaches are optimal for tissue sections, they can be technically challenging to
perform on coverslip-grown cells where the region abutting the coverslip is of critical
importance. By contrast, traditional approaches for this region, such as cellular unroofing
followed by platinum replica EM, do not leave the ER attached to the sample, while
whole-mount approaches fail to provide sufficient information in the z dimension. FIB-
SEM has been successfully used to look in a variety of tissues and cell types, and
provides an advantage in that milling using a fine atomic beam can result in z steps as
fine as the resolution in x and y. In our experiments, this resulted in isotropic 8 nm
voxels, which substantially simplified the registration process and avoided many of the
issues that can complicate serial section approaches such as tears, folds, and damaged
slices. In practice, this also greatly improved our ability to appreciate small height
changes in thin structures like many ER matrices. For example, the raw FIB-SEM data
for the region in the box shown in Fig. 5A is shown compared to simulated data that
would be acquired using a serial sectioning technique with 32 nm slices (fig. S6).

Notes on protein heterogeneity in ER matrices

At first glance, the heterogeneity of ER shaping protein localization within
matrices is quite curious. The localization of RTN isoforms and CLIMP63 (Figs. 6 and
S2) are quite striking, with examples of both inclusion and exclusion for every protein
tested. While antibody staining could potentially lead to low labeling density within
sufficiently dense structures, this would not be predicted to affect genetic tags and
overexpression experiments. Conversely, overexpression could drive internalization of




proteins into structures where they would not otherwise be located, but this would not be
seen in endogenous labeling. Thus, we conclude that at least for some ER shaping
proteins (i.e. RTN4A/B + CLIMP63), there may be distinct subsets of ER matrix where
the proteins can be enriched, present, or excluded. Whether this correlates with the highly
variable matrix structures observed in FIB-SEM (Fig. 5) remains to be seen.

There are many variables that could contribute to this heterogeneity. It is
conceivable that some RTN isoforms could be excluded from dense matrices of tubules
for a variety of reasons such as: (i) enrichment of other protein within tubular matrices
displacing RTNss; (ii) tubules packed at high density could have a net curvature that is
incompatible with the curvature stabilizing properties of some RTN isoforms; or (ii) the
highly dynamic nature of tubular matrices may be incompatible with the stability of
oligomeric RTN complexes, as is evidenced by their low diffusion coefficients in a
variety of studies (20). The role of CLIMP63 in these structures is less clear. Certainly,
CLIMP63 has been implicated in stabilizing the luminal spacing in intact sheets (at
approximately 50 nm, (2)), but there is no a priori reason why it may not also be able to
stabilize the luminal diameter of tubules or tubular matrices in a similar way.
Furthermore, serial section EM studies in primary neurons have implicated CLIMP63 in
causing regions of ER complexity, which are “not sheet-like” in nature (47), suggesting
this protein may also be able to play an important role in producing and maintaining
tubular structures.

Atlastin [soform Usage

Exogenous expression experiments using ATLs were performed using ATL1 due to
the availability of reagents and extensive literature on the protein (3). The cellular
localization of HaloTag-ATL1 construct was verified by cotransfecting HeLa cells with
mEmerald-Sec61p, HaloTag-ATL1 and Myc-ATL1 (fig. S7). Immunocytochemistry was
carried out as detailed above. Both ATL1 constructs localize to the ER, demonstrating
high colocalization with one another in the periphery. Any minor discrepancies in
localization between the Myc- and HaloTag-ATL1 in the perinuclear region are likely
due to antibody penetration during the staining protocol.

For endogenous localization experiments, we utilized an antibody to ATL3 since
this is the predominant ATL isoform in most non-neuronal cell lines. ATL3 is believed to
function in a homologous manner to ATL1 (48). Furthermore, in HeLa cells
overexpressing mEmerald-Sec613, HA-ATL3 and Myc-ATL1, both ATL isoforms
localize to very similar regions of peripheral ER (fig. S8).
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Fig. S1.

Method for temporal derivative. (A) An image acquired and reconstructed by GI-SIM,
smoothed using a Gaussian filter with 6 =45 nm and bleach corrected using the
histogram-matching algorithm in ImageJ. (B) Each frame is subtracted from the
subsequent frame. (C) The resulting image is squared. (D) The derivative is temporally
color-coded over the length of the time-lapse image. Scale bars, 2 um.

10



Fig. S2.

The ER is three-dimensional in nature even in thin regions of the cell. (A-C) Cross-sections through the LLS-PAINT data shown

in Fig. 3B. Despite some ER matrices being relatively flat, when imaged with sufficiently high resolution in the z dimension
substantial topology can be observed.
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Fig. S3.

Traditional ER-shaping proteins show heterogeneity in matrix localization. Fixed
COS-7 cells expressing mEmerald-Sec61 and an ER-shaping protein imaged by 3D-
SIM. Examples of inclusion (A) within dense tubular matrices and exclusion (B) for each
ER shaping protein. (C) A U-2 OS cell expressing mEmerald-Sec61p stained for
endogenous RTN4A/B and CLIMP63, illustrating exclusion from a dense tubular matrix.
Scale bars, 2 um.
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Fig. S4.

Optimization of SIM reconstructions. A comprehensive analysis of critical SIM reconstruction steps to minimize any
reconstruction-based artifacts. (A) Wiener filter vs a notch filter localized at the peaks at Abbe’s limit, with the indicated suppression
radius (SR), no Gaussian blurring. (B) Wiener filter vs a notch filter (as above), with ¢ = 45nm radius Gaussian blur. Colored boxes
(i) denote settings that were used for this particular image (WF = 0.03, SR = 0) with (green box) and without (blue box) Gaussian
blurring and their corresponding optical transfer function (ii)
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Fig. S5.

Measuring the thin periphery of cells. (A) FIB-SEM reconstruction of an ER matrix,
reproduced from Fig. 5B. (B) FIB-SEM slices of the area in (A) in the x-z plane (red-
green axis) with boxed region shown for orientation. Slices (i) and (ii) are spaced by 800
nm in y (blue axis). The distance between the plasma membranes within the boxed region
is 900 + 300 nm (n = 21 measurements).
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Fig. S6

FIB-SEM provides more information about small changes in z-height than
traditional serial section techniques. The raw data collected in the volume indicated by
the box in Figure 5B (2.4 x 2.4 um). (A) FIB-SEM using 8 nm steps collects 96
individual slices through this region (786 nm). Scale bar, 1 pm. (B) Simulated data
collected using a serial section technique with 32 nm thickness per slice (sum of 4 serial
FIB-SEM slices) through the same region. Scale bar, 1 um. (C) 3D reconstruction of

slices in (i) (A) and (ii) (B). The loss of detail can be seen in the theoretical serial section
technique.
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Halo-ATL1

Fig. S7

Introduction of a HaloTag does not perturb ATL1 localization to tubular ER
structures. (A-C) Fixed HeLa cell expressing mEmerald-Sec61 (A), HaloTag-ATL1
(B), and Myc-ATL1 (C) were imaged by scanning point confocal microscopy. (D)
HaloTag-ATL1 and Myc-ATLI colocalize at similar regions of ER. The two insets, (i)
and (ii), in the merged image demonstrate localization of both Myc-ATL1 and HaloTag-
ATL1 within structures that appear as sheets. Scale bars, 10 um.
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Fig. S8

ATL1 and ATL3 co-localization. Fixed HeLa cell co-expressing mEmerald-Sec61p.
(A), Myc-ATL1 (B), and HA-ATL3 (C) was imaged using scanning point confocal
microscopy. The merged image (D) shows that Myc-ATL1 and HA-ATL3 co-localize

within similar regions of the ER. Scale bars, 10 pm.
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Table S1.

Summary of measurements reported in Fig. 1. The mean peak-to-peak amplitude

(Figs. 1C, 1E) and frequency of oscillations (Fig. 1D, 1E) is stated for each treatment, as
well as the measured MSD alpha exponents (Fig. 1G) of three-way junctions.

Amplitude £+ SD  Frequency + SD

Condition N (tubules) N (cells) (nm) (Hz)
- Sec61p 1755 8 70 + 50 4+1
— ER3 3230 19 70 + 50 4+1
2 U-2 OS - Sec61p 610 9 60 + 50 4+1
5 DOG + NaNj 1080 9 40 + 20 8+2
= AIF 1291 8 40 + 20 942
5 NZ 413 5 70 + 30 742
= Bleb 698 4 40 + 20 943
Puro 1105 5 40 + 20 9+2
CHX 1017 5 50 20 942
Condition N (junctions) N (cells) Alpha +SD

Sec61pB 313 8 0.5+0.3

ER3 279 19 0.4+0.2

O  U-20S-Sec61p 148 9 0.4+0.2

g DOG + NaN; 273 9 0.1+0.2

2 AIF 186 8 02+0.2

NZ 57 5 03+0.3

Bleb 135 4 0.1+0.2

Puro 211 5 02+0.2

CHX 134 5 02+0.2
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Table S2.

Testing the populations in Fig. 1 for statistically significant differences in means. A
one-way ANOVA was used to test for significant differences between means of the three
groups: Sec61bP, ER3 and U-2 OS - Sec61p. Tukey’s multiple comparison post hoc test
was then used to test between specific groups. A two-tailed, two sample #-test using a
Welch correction for non-equal variance was used to test between control (Sec61bf) and
drug treatment groups. Highlighted cells denote statistical significance at the 0.001 level.

ONE-WAY ANOVA

Mean Mean Mean alpha -
Group 1 Group 2 Group 3 amplitude  frequency vahfe i
p-value p-value
Sec61p ER3 U-2 OS - Sec61p 0.024 2.7E-4 2.2E-4
TUKEY’S MULTIPLE COMPARISON POST HOC TEST
Mean Mean Mean alpha p-
Group 1 Group 2 amplitude  frequency phap
value
p-value p-value
Sec61p ER3 0.99 0.0089 0.013
Sec61p U-2 OS - Sec61f 0.031 0.38 3.6E-4
ER3 U-2 OS - Sec61p 0.024 0.0020 0.30

TWO SAMPLE 7-TEST WITH WELCH CORRECTION FOR NON-EQUAL VARIANCE
Mean Mean

Group 1 Group 2 amplitude  frequency Mean alpha p-
p-value p-value value
Sec61p DOG + NaN;, 1.9E-82 < 1E-230 1.1E-64
Sec61p AIF 2.2E-138 < 1E-230 1.2E-47
Sec61p NZ 0.54 3.56E-103 1.1E-6
Sec61p Bleb 3.6E-137 4.82E-229 1.4E-42
Sec61p Puro 1.9E-100 < 1E-230 6.4E-34
Sec61p CHX 5.6E-62 <1E-230 3.3E-30
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Table S3.

Summary of measurements reported in Fig. 2. Lifetime of spaces extracted from SPT of
inverted sheets (Fig. 2D, top), distance between dense tubules (Fig. 2D, bottom)

a Condition N (spaces) N (cells) Lifetime + SD (ms)
‘;E 2 Sec61p 4292 4 250 + 250
E‘,,C ER3 1986 5 190 £ 160
= U-2 OS - Sec61p 2009 4 260 + 240
a Condition N (spaces) N (cells) Distance £ SD (nm)
s E Sec61B 1273 4 260 + 350
E‘JE ER3 1913 5 310+ 370
=~ U-208 - Sec61p 650 4 300 + 490
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Table S4.

Testing the populations in Figure 2 for statistically significant differences in means.
A one-way ANOVA was used to for significant differences between means of the three
groups: Sec61bP, ER3 and U-2 OS - Sec61p. Tukey’s multiple comparison post hoc test
was then used to test between specific groups. Highlighted cells denote statistical
significance at the 0.001 level.

ONE WAY ANOVA
Group I Group 2 Group 3 Mean lifetime  Mean distance
p-value p-value
Sec61p ER3 U-2 OS - Sec61p < 1E-230 0.0056

TUKEY’S MULTIPLE COMPARISON POST HOC TEST
Mean lifetime  Mean distance

Group 1 Group 2

p-value p-value

Sec61p ER3 3.3E-16 0.0044
Sec61p U-2 OS - Sec61p 0.70 0.12
ER3 U-2 OS - Sec61p 3.3E-16 0.90
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Table S5.

Summary of measurements reported in Fig. 4. The effect of temporal blurring (Fig. 4B)

and spatial resolution (Fig 4C) on the diameter of tubules. The effect of temporal blurring

on the measurable distance between dense tubules (Fig. 4E) and density of spaces (Fig

4F). The effect of spatial blurring on the measurable distance between dense tubules (Fig.
4H) and density of spaces (Fig. 41).

@ Condition N (tubes) N (cells) Diameter = SD (nm)
M) 25 ms 90 3 200 + 30

.;:‘,J = 250 ms 92 5 200 + 20

= ls 91 5 220+ 30

g . Condition N (tubes) N (cells) Diameter = SD (nm)
@ 'é GI 59 2 270 £ 30

5E 3D-SIM 145 3 150 = 20

= PAINT 152 3 120 £ 40

= Condition N (spaces) N (cells) Distance + SD (nm)
M) 25 ms 74 3 150 + 50

&< 250 ms 144 5 310+30

= 1s 145 5 410 £ 50

= Condition N (“sheets”) N (cells)  Density = SD (um™)
© ’ag 25 ms 18 3 7+3

S 250 ms 18 5 5+3

= 1s 18 5 442

= Condition N (spaces) N (cells) Distance + SD (nm)
; = GI 131 2 500 = 200
&E 3D-SIM 162 4 220 + 80

= PAINT 46 3 200 £ 200

5 Condition N (“sheets”) N (cells)  Density = SD (um™)
® 3 GI 9 2 0.7£0.2

BE 3D-SIM 30 4 541

= PAINT 24 3 743
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Table S6.

Testing the populations in Figure 4 for statistically significant differences in means.
A one-way ANOVA was used to for significant differences between means of the three
groups in live (25 ms, 250 ms, 1 s) and fixed (GI, 3D-SIM, PAINT) cells. Tukey’s
multiple comparison post hoc test was then used to test between specific groups.
Highlighted cells denote statistical significance at the 0.001 level.

ONE WAY ANOVA

Grow 1 G2 Growp3 g mean e, e s s W v f
25ms 250 ms 1s 2.5E-5 2.1E-6 3.2E-4
GI 3D-SIM  PAINT < 1E-230 <1E-230 6.3E-10
TUKEY’S MULTIPLE COMPARISON TEST
Grow | Group2 e, e s s i
25 ms 250 ms 0.12 0.0052 0.053
-E 25 ms I's 1.4E-5 1.0E-6 1.97E-4
250 ms Is 0.019 0.035 0.13
- GI 3D-SIM < 1E-230 < 1E-230 2.16E-7
2 GI PAINT < 1E-230 < 1E-230 <1E-230
®  3DSIM  PAINT < 1E-230 0.44 0.024
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Movie S1.

Tracking of rapid motions of peripheral ER tubules and three-way junctions. A
region of a COS-7 cell overexpressing mEmerald-Sec61f imaged at 40 Hz using GI-SIM
(leftmost panel). The skeletonized midline of each tubule is depicted in the middle-left
panel from which its motion can be calculated (e.g., Fig. 1C). The location of three-way
junctions is depicted in the middle-right panel, from which a SPT algorithm was used to
extract dynamics (e.g., Fig. 1E). Overlay of all three panels is shown at right. Scale bar, 2
pm.

‘

Movie S2.

Peripheral ER “sheets” appear discontinuous. A peripheral sheet from a COS-7 cell
overexpressing mEmerald-Sec61f imaged at 40 Hz using GI-SIM (left panel). The
middle panel illustrates spaces within the “sheet” derived from inverting the image,
subtracting the area outside of the “sheet”, and Gaussian smoothing (see Materials and
Methods). This permits SPT of spaces. A merge of both the raw data and data processed
for illustrating spaces is depicted in the right panel. Scale bar, 2 um.
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Movie S3.

Rapid assembly and disassembly of peripheral sheet-like structures into tubules.
Representative region of a COS-7 cell overexpressing mEmerald-Sec613 imaged using
GI-SIM. Each frame was acquired in 25 ms, with a 1 s interval between frames. Rapid
moving clusters of tubules and associated three-way junctions appear to rapidly
interconvert between ‘sheet-like’ and clustered three-way junctions. Scale bar, 2 um.
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Movie S4.

Internal membranes of a fixed COS-7 cell reconstructed using correlative 3D LLS
and LLS-PAINT microscopy. Correlative imaging between mEmerald-Sec61f labeled
ER (gray diffraction-limited LLS image) imaged using 3D LSS microscopy, and all lipid
membranes labeled with BODIPY-TR and AZEP-Rh (pseudo colored LLS-PAINT
image), the latter reconstructed from 549 million localizations.
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Movie S5.

The structure of a helicoidal sheet by FIB-SEM. The FIB-SEM reconstruction shown
in Fig. 5F is reproduced here, to allow more clear demonstration of the helicoidal
structure.
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