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Figure 4. Substrate stiffness is a critical factor in regulating focal adhesions. A) Maximum intensity z-
projection of a laser scanning confocal z-stack of cells seeded onto the control substrate demonstrating low
phalloidin intensity (magenta) and poor stress fibre formation in cells growing exclusively on the carbon film.
DAPI = blue; grid bar = yellow; phalloidin = magenta. Scale = 20 um left panels; Scale = 10 um in zoom. B)
Maximum intensity z-projection of a confocal z-stack of cells seeded onto a +Carbon substrate. Film localised
cells show greater phalloidin intensity and increased stress fibre formation compared to control cells. DAPI =
blue; grid bar = yellow; phalloidin = magenta. Scale = 20 pm left panels; Scale = 10 yum in zoom. C)
Quantification of whole cell background subtracted phalloidin intensity between control and +Carbon grids
showing a significant increase in phalloidin intensity to cells grown on +Carbon. Statistical significance
determined by two-tailed t-Tests. D) Percentage of cellular 2D area as stress fibre comparing control (film),
control (grid bar), +Carbon (film) and +Carbon (grid bar) areas. E) Confocal z-stack of cells grown on Control
grids showing minimal mature focal adhesions to the film. Scale = 20 um left panels; Scale = 10 um in zoom. F)
+Carbon grids demonstrating increased immunofluorescence staining of paxillin. Scale = 20 um left panels; Scale
= 10 um in zoom. G) Two-tailed t-test of focal adhesion size comparing control to +Carbon grids showing
increased focal adhesion maturity with increased substrate stiffness. -Paxillin = cyan; DAPI = blue; grid bar =
yellow; phalloidin = magenta. H) Confocal z-stack of focal adhesions of cells grown on control grids show
increased focal adhesion formation on the grid bar. Scale = 20 um. I) Confocal z-stack of focal adhesions from
+Carbon cells showing similar focal adhesion maturity between film and grid bar. Scale = 20 pm. J) Quantification
of 2D cellular area comparing control grids to +Carbon grids.
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Figure 5. Optogenetic positioning of LAMP1 after light stimulation. A) Optogenetic positioning of
endolysosomes from perinuclear regions to the cell perimeter. B) Live cell fluorescence image (frame 0) of a PtK»
cell expressing KIF5a-GFP-CIBN and LAMP1-mCherry-CRY2 immediately prior to optogenetic blue light
stimulation. Dotted ellipse = perinuclear region. C) The same cell from (B) after 3 minutes (frame 378) of
stimulation with blue light showing redistribution of LAMP1-mCherry-CRY2 from perinuclear regions to the cell
periphery. Dotted ellipse = perinuclear region, White arrows = redistributed LAMP1 positive structures. D)
Confocal microscopy of fixed PtK; cells without unstimulated. LAMP1-mCherry-CRY?2 is restricted to perinuclear
regions. E) Confocal microscopy of fixed cells after 3 minutes blue light stimulation showing dramatic
redistribution of LAMP-mCherry-CRY2 to the cell periphery. F) Quantification of LAMP1 fluorescence intensity
comparing the percentage of peripheral signal to perinuclear signal. G) Cryo-confocal of plunge frozen grids
seeded onto Quantifoil grids showing re-distribution of LAMP1-mCherry-CRY2 to the cell periphery blue light
stimulation.
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Figure 6. endolyso

overlay of an unstimulated PtK, cell expressing KIF5a-GFP-CIBN and LAMP1-mCherry-CRY2. Pulse-chase
uptake showing HRP loaded lysosomes are located to perinuclear regions. Scale = 10 pm. White boxes = areas
of interest. B, C) Higher magnification from (A) views showing HRP-positive structures are localised to the
perinuclear region of the cell and are minimally associated with the cytoskeleton. PM = plasma membrane; Cy =
cytoplasm; Nuc = Nucleus; HRP-EL = HRP-labelled endolysosomes; cyan = cytoskeleton; black arrowheads =
HRP-labelled endolysosomes located to perinuclear areas. Scale = 2 pm. D) Conventional CLEM overlay of a
PtK; cell expressing KIF5a-GFP-CIBN and LAMP1-mCherry-CRY2 and stimulated with blue light for 3 minutes
prior to fixation. Pulse-chase uptake showing HRP loaded lysosomes are tightly associated with microtubules and
are located to the cell periphery. Scale = 10 pm. White boxes = areas of interest. E, F) Higher magnification
views of white boxes from (D) showing association between lysosomes and cytoskeletal elements. PM = plasma
membrane; Cy = cytoplasm; Nuc = Nucleus; HRP-EL = HRP-labelled endolysosomes; cyan = cytoskeleton; white
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arrowheads = microtubule-associated endolysosomes in the process of re-distributing to the cell periphery; black
arrows = HRP-decorated peripheral endolysosomes. Scale = 2 um.

|

Figure 7. Optogenetic positioning of perinuclear localised organelles for cryo-ET without Cryo-FIB
lamella preparation. A) Cryo-fLM of a blue light stimulated PtK; cell expressing LAMP1 and KIF5a. B and C)
LAMP1-mCherry-CRY2 signal showing 3 lysosomes localised to the cell perimeter (white dotted boxes). D) Cryo-
electron micrograph of the cell from (A) at 700X magnification. E) Overlay of the LAMP1-mCherry-CRY2 signal
with the cryo-EM image highlighting ROIs 1, 2 and 3 (Black dotted boxes). Optical slices of reconstructed
tomograms showing the same regions of interest corresponding to ROI 1 (Hand H’), ROI 2 (G and G’) and ROI 3
(H and H’). Scale = 10 nm. The LAMP1 signal correlates with structures with a morphology consistent with
endolysosomes.
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Supplemental Figures
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Figure S1. Substrate stiffness as a tuneable property to alter cellular distribution and spread on grid
squares. A) Schematic of grid square divided into 144 coordinates (12 x 12 grid; white squares) of equal size
(~10 um x ~10um) spanning the midpoint of the grid bar to the corresponding midpoints of the adjacent grid bars.
Using the centre of mass of the nucleus as an approximation for the centroid of a cell, cell positions were mapped
between control and +Carbon grids at equivalent confluence. The 144 coordinates were divided into 4 quadrants
(red square) and rotationally summed to provide 36 final positions for scoring centre of mass. B) Positional
classes based on relative distance from the grid bar. C) Heat map of frequency of centre of mass for each 36
positions for control grids. D) Heat map of frequency of centre of mass for each 36 positions for +Carbon grids.
E) Quantification of relative abundance comparing cells from each position class. A significant reduction in “Edge”
localised cells was observed in +Carbon grids.
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Figure S2. Low to high magnification Cryo-CLEM of EYFP-Mito7. A) Stitched confocal tile set of a whole grid
of PtK2 cells expressing EYFP-Mito-7 grown on +Carbon film Quantifoil grids. Four regions of interest are
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highlighted representing transfected cells (ROl 1-4; green, magenta, red, blue, respectively). White asterisks
demark holes for re-registration between the cryo-fLM and cryo-TEM. B) Stitched low magnification cryo-EM atlas
of the same grid demonstrating the same four ROIs from (A). C, C’) Intermediate magnification of ROI 1 grid
square showing the cryo-TEM and overlay of maximum intensity z-projections of confocal z-stacks. The electron
transparent peripheral region enclosed within the white ellipse demonstrating EYFP-Mito-7 puncta. D, D’) Cryo-
TEM and cryo-fLM overlay of ROI 2 demonstrating an electron lucent cellular periphery enclosed within the white
ellipse area also positive for EYFP-Mito-7. E and F) Intermediate magnification Cryo-TEM (E) and cryo-fLM (F)
overlay of the EYFP-Mito-7 expressing PtK; cell from ROI 2 from (D,D’). Black dotted HOIs 1 & 2 are examples of
suitable holes for batch cryo-tilt series acquisition. Scale = 5 um. G) Optical slice from the reconstructed
tomogram of the black dotted HOI 1 from (E) and (F). G’) High magnification overlay of EYFP-Mito7 signal with
HOI 1 from the reconstructed tomogram in (G). G”) Confocal signal from HOI 1. Scale = 250 nm. H) Optical slice
from the reconstructed tomogram of the black dotted HOI 2 from (E) and (F). H’) High magnification overlay (H’)
of EYFP-Mito7 signal with HOI 2 from the reconstructed tomogram in (H). H”) Confocal signal from HOI 2. Scale
=250 nm. Thick cell peripheries need to be avoided for fast cryo-ET acquisition. | and J) Low magnification cryo-
fLM and cryo-TEM maps as in A and B. Z-stacks should not be acquired where ROIs demonstrate a large
deviation in z away from the plane of the carbon film (Movie S3 and 4). ROIs 3 (I and I') and 4 (J and J’)
correspond to cells that are too thick for cryo-electron tomography without cryo-FIB milling. Minimising thick cells
expedites data acquisition.
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Figure S3. 3D cryo-CLEM of microtubules. A) Whole grid stitched cryo-fLM map of PtK2 cells expressing
EGFP-DCX. B) Confocal z-stack of EGFP-DCX signal with transmitted light demonstrating abundant
microtubules. C) 700X magnification grid square view of the same cell from B). D) Overlay of B & C. White box =
area of interest with thin cytoplasm and abundant microtubules. E) Intermediate magnification fitting at 2600X
overlaying the z-projected confocal stack onto the search magnification image. White box = hole of interest. F)
Optical slice of reconstructed tilt series acquired at the hole of interest from (E). Scale = 100nm. G-J’) Overlay of
the EGFP-DCX signal with the reconstructed tomogram showing individual microtubules at the site of enriched
fluorescence signal. White dotted lines = microtubules.
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Frame 1 Frame 47 Frame 95

Figure S4. Optogenetic positioning of Rablla endosomes to the cell periphery. A-C) Frames of live cell
fluorescence imaging of optogenetic positioning of Rabl1la endosomes. Light stimulation resulted in redistribution
of Rablla to the periphery of PtK; cells transfected with Kif5a-GFP-CIBN, FuRed-CIBN-Rablla and CRY2-
Cluster-mCerulean. Cyan arrowhead = individual Rablla endosome exhibiting slow trafficking to the cell
periphery; white arrow heads = dynamic Rablla endosomes trafficked to the cell periphery.
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Supplementary Movies

Movie S1: SBF-SEM of PtK, grown on a R 2/2 carbon film gold support Quantifoil grid showing the
fried egg morphology and abundant peripherally localised organelles.

Movie S2: Cryo-fLM confocal z-stack with Airyscan 2 detection EYFP-Mito-7 expressing PtK, cell
from ROI 1 (Fig 2A, C, C’) grown on +Carbon grids showing a thin cellular periphery.

Movie S3: Cryo-fLM confocal z-stack with Airyscan 2 detection EYFP-Mito-7 expressing PtK, cell
from ROI 2 (Fig 2A, D-H"") grown on +Carbon grids demonstrating a thin cellular periphery.

Movie S4: Cryo-fLM confocal z-stack with Airyscan 2 detection EYFP-Mito-7 expressing PtK, cell
from ROI 3 (Fig S5A, C, C’) grown on +Carbon grids highlighting a z-stack of a cell too thick for cryo-
ET analyses.

Movie S5: Higher-magnification (100X objective with 1.6X digital zoom) cryo-fLM confocal z-stack of
EYFP-Mito-7 expressing PtK; cell from ROI 3 (Fig S5A, C, C’) grown on +Carbon grids showing the
thick cell periphery.

Movie S6: Cryo-fLM confocal z-stack with Airyscan 2 detection EYFP-Mito-7 expressing PtK, cell
from ROI 4 (Fig S5A, D, D’) grown on +Carbon grids highlighting a z-stack of a cell too thick for cryo-
ET analyses.

Movie S7: Cryo-electron tomographic reconstruction of EGFP-DCX expressing PtK, cell
demonstrating abundant microtubules that align to the fluorescence signal from Fig S6B-H". Scale =
200 nm.

Movie S8: Live-cell fluorescence imaging of LAMP1-mCherry-CRY2 cell co-expressing KIF5a-GFP-
CIBN and stimulated. Cell was imaged at 0.5s per frame.

Movie S9: Representative live-cell fluorescence time-lapse of a PtK; cell transfected with Kif5a-GFP-
CIBN, FuRed-CIBN-Rablla and CRY2-Cluster-mCerulean. Light stimulation resulted in clustering of
Rablla endosomes and redistribution of Rablla from predominantly perinuclear regions to the cell
periphery. Cell was imaged at 0.5s per frame.

Movie S10: Cryo-electron tomographic reconstruction of stimulated LAMP1-mCherry-CRY2 and
KIF5a-GFP-CIBN co-transfected PtK, cell from ROl 1 demonstrating 3D organisation of the
endolysosome from Fig 3G, G’. Scale = 200 nm.

Movie S11: Cryo-electron tomographic reconstruction of stimulated LAMP1-mCherry-CRY2 and
KIF5a-GFP-CIBN co-transfected PtK, cell from ROl 2 demonstrating 3D organisation of the
endolysosome from Fig 3H, H'. Scale = 200 nm.

Movie S12: Cryo-electron tomographic reconstruction of stimulated LAMP1-mCherry-CRY2 and

KIF5a-GFP-CIBN co-transfected PtK, cell from ROl 3 demonstrating 3D organisation of the
endolysosome from Fig 3I, I'. Scale = 200 nm.
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STAR Methods Table

REAGENT or RESOURCE SOURCE ' IDENTIFIER
Antibodies
Phalloidin-Atto 488 Sigma-Aldrich AB176753
Paxillin Thermo Fisher AHO0492
Goat a-mouse Alexa Fluor 647 ABCAM AB150079
Bacterial and virus strains
DH5 Alpha E. coli Thermo-Fisher | 18265017
Chemicals, peptides, and recombinant proteins
25% EM Grade Glutaraldehyde Electron Microscopy | 16220
Services
16% EM Grade Paraformaldehyde Electron Microscopy | 15710
Services
Uranyl Acetate Electron Microscopy | 22400
Services
Lead Citrate ProSciTech C073
DAB Sigma-Aldrich D5905
Hydrogen Peroxide Solution Sigma-Aldrich H1009
Osmium Tetroxide ProSciTech C010
LX 112 Embedding Kit Ladd Research 21210
industries
Horseradish peroxidase — 25mg Type VI-A Sigma-Aldrich P6782
DMEM Life Technologies 11995065
L-Glutamine Life Technologies 25030081
Fetal Bovine Serum Gibco 10270106
MEM Vitamin Solution Sigma-Aldrich M6895
Trypsin-EDTA Sigma-Aldrich 59417C
DAPI Thermo Fisher D1306
Experimental models: Cell lines
Potoroo: PTK2 ATCC CCL-56
Human: U2 OS ATCC HTB-96
Dog: MDCK ATCC CCL-34
Human: CACO-2 ATCC HTB-37
Hamster: BHK-21 ATCC C-13
Human: HelLa ATCC CCL-2
Mouse: MEF ATCC CF-1
Recombinant DNA
EYFP-Mito7 Gift from Michael Addgene
Davidson Plasmid
#56596
EGFP-DCX Gift from Joseph Addgene
Gleeson Plasmid
#32852
LAMP1-mCherry-CRY2 Gift from Bianxiao Addgene
Cui Plasmid
#102249
KIF5a-GFP-CIBN Gift from Bianxiao Addgene
Cui Plasmid
#102252
FuRed-Rabl1a-CIBN Redpath et al., 2019 | N/A
CRY2-Cluster-mCerulean Redpath et al., 2019 | N/A
Software and algorithms
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ImageJ/FIJI PMID: 22743772 https://imagej
.nih.gov/ij/
iTEM Olympus https://www.e
msis.eu/hom
e/
Maps Thermo Fisher https://www.f
ei.com/softwa
re/maps/#gsc
.tab=0
Tomography Thermo Fisher https://www.t
hermofisher.c
om/au/en/ho
me/electron-
microscopy/p
roducts/softw
are-em-3d-
vis/tomograp
hy-
software.html
Gwyddion Necas and Klapetek, | http://gwyddio
2012. n.net/downlo
ad.php
IMOD PMID: 8742726 https://bio3d.
colorado.edu/
imod/

Other
Holey Carbon Flims support Gold grids Quantifoil \ R 2/2 AU
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