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Abstract

The nuclear lamina is a fundamental constituent of metazoan nuclei. It is composed mainly of
lamins, which are intermediate filament proteins that assemble into a filamentous meshwork,
bridging the nuclear envelope and chromatin 14, Besides providing structural stability to the
nucleus 8, the lamina is involved in many nuclear activities, including chromatin organization,
transcription and replication "~19. However, the structural organization of the nuclear lamina is
poorly understood. Here, we use cryo-electron tomography (cryo-ET) to obtain a detailed view of
the organization of the lamin meshwork within the lamina. Data analysis of individual lamin
filaments resolves a globular-decorated fiber appearance and shows that A- and B-type lamins
assemble into tetrameric 3.5 nm thick filaments. Thus, lamins exhibit a structure that is remarkably
different from the other canonical cytoskeletal elements. Our findings define the architecture of the
nuclear lamin meshworks at molecular resolution, providing insights into their role in scaffolding
the nuclear lamina.

A first glimpse into the structure of the lamin meshwork was accomplished with
transmission electron microscopy by visualizing isolated NEs from Xenopus laevis

oocytes 11, A 3D structured illumination microscopy (3D-SIM) study revealed spatial
segregation of lamin isoforms defining separate meshworks in nuclei of mammalian somatic
cells 12, Visualization of nuclei in intact multicellular and unicellular eukaryotes, by cryo-
ET, showed short filaments at the nuclear periphery 13.14. However, neither the detailed
structure nor the identity of these filaments has been resolved. This is attributable to the
crowded environment within the lamina and its surroundings, including lamin binding
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proteins, the abundance of heterochromatin at the nucleoplasmic face of the lamina and also
a complex cage of cytoplasmic IFs, in mammalian somatic cells 1°. The components
surrounding the lamina are typically resistant to the moderate chemical extraction
procedures required to preserve the native structures. A careful handling and sample
preparation approach is therefore needed to facilitate proper structural analysis of the
nuclear lamina.

To obtain an unobstructed view of the lamin meshwork, we utilized vimentin-null mouse
embryonic fibroblasts (MEFs), which do not contain cytoplasmic IFs and display
indistinguishable organization of lamins and expression levels as compared to wildtype
MEFs (Extended Data Fig. 1a and b). For cryo-ET imaging, cells were cultivated on EM-
grids prior to the removal of the plasma membrane and cytoplasmic content by a short
exposure to a mild detergent (Extended Data Fig. 1c and d). Subsequently, nuclei were
treated with nuclease to remove most of the chromatin, followed by rapid vitrification
(Extended Data Fig. 1e). This procedure retains the nuclear lamins and lamina associated
proteins at the nuclear periphery (Extended Data Fig. 1c and d).

Due to their large size (~10-20 um in diameter) nuclei can be easily identified at low
magnification in cryo-EM images, confirming successful sample preparation and
preservation of the overall size and shape of nuclei (Extended Data Fig. 2a—c). The
reconstructed cryo-tomograms reveal the presence of ~3.5 nm thick filaments forming a
complex meshwork at the nuclear periphery, underneath nuclear pore complexes (NPCs)
(Fig. 1a and b). These filaments vary in length and display a pattern of sparsely and densely
packed regions (Fig. 1a), which are also detected above dense nuclear material (presumably
chromatin remnants, Extended Data Fig. 2c—e). Statistical analysis of these filaments
indicated a length of 380 £ 122 nm (Fig. 1c). The persistence length distribution of these
filaments varied between 50 nm — 2700 nm (Fig. 1d), indicating a high degree of flexibility,
which is in agreement with measurements of the previously analysed C. efegans lamin 16
and the short filaments found at the nuclear periphery in HeLa cells 1. Furthermore, we
show that these filaments are packaged into a 14 + 2 nm thick layer (Fig. 1e).

For a more complete analysis of lamin filaments organization, we extracted 25 sub-regions
containing filaments from the tomograms of nine nuclei (Fig. 2a), and evaluated the
properties of their meshworks. Visual inspection indicates that there is a large variability in
the number of spaces, i.e. regions containing few if any filaments within the mesh. There is
also significant variability in the number of filaments surrounding these spaces and the
distance between adjacent filaments. The spaces represent regions containing proteins and
chromatin, which are likely removed during sample preparation. The area occupied by
filaments is 50 + 10 % of the total nuclear surface (Fig. 2b), indicating a generally dense
meshwork underlining the INM. Thus, the filaments occupy about 12.5% of the entire
volume of the ~14 nm thick lamina. The high occupancy of filaments at the nuclear
periphery is in accordance with their proposed roles in regulating the mechanical properties
of the nucleus and in providing a scaffold for tethering peripheral elements of
heterochromatin to the lamina.
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To prove that these filaments are composed of A- and B-type lamins, cells were prepared as
described above, followed by labeling with either lamin A/C or lamin B1 antibodies
decorated with 6 nm gold-labeled protein A and imaging by cryo-ET. Surface rendered
views of labeled lamin A/C and lamin B1 show decoration of filaments with the gold-
conjugates, while control nuclei (not treated with primary antibody) are not labeled (Fig. 2c
and Extended Data Fig. 3), confirming that both A- and B-type lamins are major constituents
of the filaments observed.

Next, we determined if A- and B type lamins differ with respect to their localization within
sparse or dense regions of the filamentous meshwork. We analyzed the position and density
of gold-labeled A- and B-type lamin filaments in nine sub-tomograms each (Extended Data
Fig. 3c and d). Statistical analysis of the distribution of the gold labels demonstrates that
both lamin sub-types are present throughout the meshwork and are found in both densely
packed and sparsely occupied sub-regions within the lamina. This reflects the similarity of
A- and B-type lamin-filament structural assemblies.

To study the relative spatial distributions and densities of the different lamin types within the
nuclear lamina (Fig. 2d and Extended Data Fig. 4) we co-immunogold-labeled A- and B-
type lamins with different sized colloidal gold conjugates (6 nm and 10 nm, respectively).
Thirty-six volumes containing lamin meshwork structures were acquired and analyzed by
cryo-ET. An assembly of these data into a collage, shows the coordinates of the 6 nm and 10
nm lamin A/C and lamin B1 gold labels as green and red circular Gaussian functions, with a
full width at half maximum (FWHM) of 10 nm (Fig. 2e, left image). To correlate these data
with previously published 3D-SIM analyses (at 110-130 nm resolution), we filtered the
labeled gold colloids to a FWHM of 120 nm (Fig. 2e, right). Comparison with the 3D-SIM
analysis of untreated wildtype MEFs (Fig. 2f, adopted from 12) shows remarkable
similarities, confirming the segregation of the different lamin isoforms within the lamina
meshwork.

The short persistence length of lamin filaments (Fig. 1d) suggests that they are highly
flexible, making it difficult to reconstruct their structure in 3D. However, to unravel the
structural features that are responsible for the mechanical properties of the lamins, it is
important to determine the molecular architecture of single filaments in their native
environment. Therefore, sub-tomograms containing single filaments were extracted from
cryo-tomograms of NE regions and subjected to averaging and 2D classification procedures
(see Methods and Extended Data Fig. 5a and b). The class averages provide insight into the
supramolecular organization of lamin filaments /n sitv and reveal globular structures along
the filaments (Fig. 3a, b and c), which may represent lamin Ig-fold domains (17, Extended
Data Fig. 5¢) or lamin binding partners.

Lamin monomers are composed of a central a-helical coiled-coil rod domain, ~50 nm in
length 18, flanked by a non-a-helical N-terminal head and a C-terminal tail domain 1°. The
head domain is short (~ 30 aa) 20, while the tail domain is 185-277 residues long and
includes a globular Ig-fold, ~3.5 nm in diameter 2. In solution, lamins form parallel and in
register dimers exhibiting two Ig-fold domains located within the C-terminal end of the rod.
The dimers further assemble into head-to-tail polymers, arranged in a partially staggered
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conformation, in which Ig-domains are found distributed at ~40 nm intervals along the
polymer (Extended Data Fig. 5c), causing the characteristic beaded appearance of lamin
assemblies 1722,

Based on the class averages obtained from our data, the thickness of the rod and the globular
domains is ~3.5 nm (Fig. 3d). These latter structures repeat every 20 nm alongside the rod
and are similar to the size of the lamin Ig-fold domain 21. The uniform thickness of the rod
domain and the appearance of the purported Ig-fold domains (Fig. 3a—c and Extended Data
Fig. 6) indicates that the filaments are composed of at least two head-to-tail polymers (Fig.
3e and Extended Data Fig. 7), as one head-to-tail polymer would not exhibit an isotropic
coiled-coil diameter of ~3.5 nm 23 (Fig. 3f, dimer). The resulting lamin filament model (Fig.
3e) was used to replace the filaments in the central region of the lamina shown in Fig. 1a,
which exemplifies their molecular organization /in situ (Fig. 4a).

Based on their genealogy, lamins are considered to be the evolutionary ancestors of all
cytoskeletal IFs 24, However, it is apparent that lamins form a different filamentous structure
compared to cytoplasmic IF proteins. Figure 4b shows the major cytoskeletal elements for
comparison with the nuclear lamins. Microtubules exhibit a 24 nm thick tubular structure 23,
filamentous actin assembles into an 8 nm thick helical structure 26, and cytoplasmic IFs, e.g.
vimentin, into 10 nm thick filaments. Here, we show that the lamin meshwork is composed
of ~3.5 nm thick filaments, which distinguishes them from the other cytoskeletal
constituents in higher eukaryotes.

In summary, our study provides a detailed view of the structure of nuclear lamins in
mammalian nuclei. We reveal the organization and assemblies of individual lamin filaments
at molecular resolution, while avoiding excessive pre-purification approaches.

Mutations in the LMNA gene cause a wide range of diseases, collectively called
laminopathies. These diseases include muscular dystrophies, lipodystrophies, neuropathies
and premature aging 2729, In the future, cryo-ET analyses should provide important insights
into the structural differences between the lamin meshworks comprising the lamina of
normal nuclei and those from patients bearing specific laminopathic mutations. This
approach should help to establish disease models at the molecular level, which may pave the
way for new therapeutic interventions.

Cell lines and cell culture

Mouse embryonic fibroblasts null for vimentin (Vimentin™=: 31) were maintained in DMEM
(Sigma-Aldrich, #D5671) containing 10% FCS (Sigma-Aldrich, #F7524), 2 mM L-
Glutamine (Sigma-Aldrich, #G7513) and 100 pg/ml penicillin/streptomycin (Sigma-Aldrich,
#P0781). Cells were cultivated at 37°C and 5% CO, in a humidified incubator. For cryo-ET
analysis, cells were cultured on glow-discharged holey carbon EM grids (R2/1, Au 200
mesh; Quantifoil, Jena, Germany).
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For immunogold-labeling experiments, rabbit monoclonal antibody directed against the rod
domain of mouse lamin A/C (peptide between aa 200-300) (EP4520, ab133256) was
purchased from Abcam. Affinity purified and peptide-specific rabbit antibody against the
flexible linker region between the rod and the globular domain of human lamin B1 (aa 391-
428) 32 was a kind gift of Larry Gerace (Scripps, La Jolla, CA).

Cryo-ET sample preparation

For cryo-ET analysis, Vimentin™~ MEFs were grown to ~80% confluency on EM-grids
coated with a carbon mesh (R2/1, Au 200 mesh; Quantifoil, Jena, Germany). Using fine
tweezers, EM grids with a homogenous distribution of cells were picked and washed in
PBS/2 mM MgCl;, for 5 sec. These grids were then incubated in pre-permeabilization buffer
(PBS containing 0.1% Triton-X 100, 10 mM MgCl,, 600 mM KCI and protease inhibitors)
for 20-40 sec and subsequently rinsed in PBS/2 mM MgCl; for 10 sec. Next, the EM-grids
were subjected to nuclease treatment using Benzonase (2.5 units/pl in PBS/2 mM MgCly;
Millipore, Benzonase® Nuclease HC, Purity > 99%) for 30 min at RT. The EM-grids were
washed in PBS/2 mM MgCls, prior to addition of 3 ul of 10 nm or 15 nm fiducial gold
marker (Aurion), diluted 1:500 from the original stock. Lastly, the EM-grids were manually
blotted for ~3 sec from the reverse side and plunge frozen in liquid ethane.

Immunogold-labeling

For immunogold-labeling of lamins in Vim™~ MEFs, cells were grown to ~80% confluency
on gold EM-grids coated with a carbon mesh (R2/1, 200 mesh; Quantifoil, Jena, Germany).
After pre-permeabilization and benzonase treatment as described in the Cryo-ET sample
preparation section, nuclei on EM-grids were fixed in 4% PFA for 5 min at RT. The EM-
grids were quenched in 0.05 M Glycine/PBS for 15 min at RT to inactivate aldehyde groups
present after aldehyde fixation. Next, samples were blocked in blocking solution (5% BSA/
0.1% cold water fish skin gelatin/PBS; Aurion) for 30 min at RT and subsequently washed 3
x 5 min with the incubation solution (0.2% BSA-c/PBS; Aurion). Immunogold analysis was
performed using anti-lamin A/C and anti-lamin B1 (see above) at a dilution of 1:200 in the
incubation solution (0.2% BSA-c/PBS; Aurion) for 1h at RT. Next, the EM-grids were
washed 6 x 5 min at RT with incubation solution (0.2% BSA-c/PBS; Aurion) prior to
treatment with the gold conjugate (protein A coupled to 6 nm gold; Aurion) in incubation
solution (0.2% BSA-c/PBS; Aurion) at a dilution of 1:50 for 2 h at RT. After extensive
washing (6 x 5 min at RT) with the incubation solution (0.2% BSA-c/PBS; Aurion) and 3 x
5 min with PBS at RT, the EM-grids were manually blotted for ~3 sec from the reverse side
and plunge frozen.

Co-immunogold labeling analysis

Cells were treated consecutively using anti-lamin A/C and anti-lamin B1 at a dilution of
1:100 and as described above. Briefly, after treatment with anti-Lamin A/C antibodies for 1h
and Prot A conjugate (6 nm) for 2h, samples were postfixed in 4% PFA for 5 min, again
quenched in 0.05 M Glycine/PBS for 15 min to inactivate aldehyde groups present after
aldehyde fixation and blocked in blocking solution (5% BSA/0.1% cold water fish skin
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gelatin/PBS; Aurion) for 30 min. Next, the sample was washed 3 x 5 min with the
incubation solution (0.2% BSA-c/PBS; Aurion) and subjected to a second round of antibody
labeling using anti-lamin B1 antibody and Prot A conjugate (10 nm). After extensive
washing (6 x 5 min) with the incubation solution and 3 x 5 min with PBS, the EM-grids
were manually blotted for ~3 sec from the reverse side and plunge frozen.

Cryo-electron tomography

Data acquisition was performed using an FEI Titan Krios transmission electron microscope
equipped with a quantum energy filter and a K2-Summit direct electron detector (Gatan,
Pleasanton, USA). The microscope was operated at 300 keV in zero-loss mode. Using
Digital Micrograph (Gatan, Pleasanton, USA) image stacks were recorded at each tilt angle
in the counting mode with an electron flux of ~10 e™/pixel/sec. The image stacks were
acquired at a frame rate of 5 fps with a magnification of 42,000x corresponding to a pixel
size of 0.34 nm. Tilt-series covered an angular range of —60° to +60° and were recorded at
increments of 2°, at a defocus of —6 pm and a maximum cumulative electron dose of 125

e /A2,

For co-immunogold labeling analysis, image stacks were acquired at a frame rate of 5 fps
with a magnification of 26,000x corresponding to a pixel size of 0.55 nm. The tilt-series
covered an angular range of —60° to +60° and were recorded at increments of 2°, at a
defocus of -9 um and a maximum cumulative electron dose of 90 e /AZ.

Drift correction of the image stacks was performed using the built-in module in Digital
Micrograph. Next, the tilt-series were CTF corrected 33 and reconstructed using the TOM
Toolbox 34,

Analysis of lamin filaments

Out of 36 tomograms, filaments were identified and 7977 sub-volumes of 64 x 64 x 64
pixels (pixel size 1.36 nm, binning 2) were extracted. The filaments in these sub-volumes
were then aligned to a cylindrical template parallel to the y-axis and projected in the z-
direction. These projections were then visually inspected with an interactive tool (available
upon request) written in MATLAB (Mathworks, Natick, USA). Thereby 3524 strongly bent
or discontinuous filaments were excluded, leaving 4453 filaments for further analysis. Next,
the filaments in the projections were masked and subjected to 2D classification using
Relion 35, After the first round of classification, classes containing strongly distorted
filaments were removed to reduce heterogeneity. We then performed another round of
classification with the remaining 3880 filaments (pixel size 0.68, binning 1), separating them
into 40 classes (Extended Data Fig. 5b).

Image processing

Slices from tomograms were generated in MATLAB using the TOM Toolbox. Segmentation
of filaments, NPCs and putative chromatin was performed with Amira (FEI Visualization
Sciences Group). The analysis of the occupancy of lamins in the meshwork was performed
on projections in z-direction of segmented sub-volumes (340 nm x 340 nm x 68 nm) by
calculating the number of pixels defined by the spaces in the mesh divided by the total
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number of pixels within the image using the ImageJ-based DiameterJ plugin 36. For the
analysis of immunogold-labeled sub-volumes, segmented filaments were skeletonized in 3D,
projected in the z-direction and superimposed with the segmented gold markers using
MATLAB (Extended Data Fig. 3c). The persistence length 1/A of lamin filaments was
calculated by correlating the contour length L and the end-to-end distance /37:
<R2>=(2/A%)(AL-1+exp(-AL)). The contour length and the end-to-end distance of 204
filaments from 30 tomograms were measured manually in 3D using ImageJ. The average
filament length was calculated from the contour lengths of all 204 filaments.

Quantification of the gold label density in the co-immunogold labeling experiments was
performed using MATLAB. The different sized gold colloids were manually picked from 2D
projections of representative sub-volumes (550 nm x 550 nm x 66 nm).

For the comparison of the co-immunogold labeling experiments with 3D-SIM data on A-
and B-type lamins, we extracted 47 sub-volumes (550 nm x 550 nm x 66 nm) from 15
tomograms (2250 nm x 2250 nm x 1125 nm). Thirty-six sub-volumes were projected and
assembled in random order into a 3.3 pm x 3.3 pm collage. Next, the xy-coordinates of
either lamin A/C (6 nm gold particles) or lamin B1 (10 nm gold particles) labels were
extracted and represented as 2D Gaussian functions with a full width at half maximum of 10
nm or 120 nm using MATLAB. Finally, these images were colored in green (lamin A/C) and
red (lamin B1), respectively, and superimposed using Fiji, in order to model a SIM image
with 10 nm resolution (Fig. 2e, left image) or 120 nm resolution (Fig. 2e, right image).

The lamin filament model was built using UCSF Chimera 38. For the Ig-domain pdb entry
1ifr 21 was used and the linkers between tail and rod were manually drawn. The rod was
modelled by using the web-based software CCBuilder 39, based on coiled-coil parameters
derived from pdb entries 4dzm, 3r4a, and 3r3k. The pdb structures were converted to
electron density maps and filtered to 4 A resolution.

The nuclear lamina model was built using Amira. The lamin meshwork was assembled in
3D using a sub-volume (see Fig. 1a, central 680 nm x 680 nm x 100 nm) of a cryo-
tomogram comprising the nuclear lamina as a template and the lamin filament model
(described above) as building block. The NPC structures are from the Xenopus laevis
oocyte 40 and the INM and ONM was manually drawn.
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Extended Data
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Extended Data Figure 1. Sample preparation of vimentin deficient MEFs for Cryo-ET and 3D-
SIM

(a) 3D-SIM images of immunolabeled wt and Vim™~ MEFs shows similar localization and
expression of lamin A and lamin B1. Scale bar, 5 um. (b) Western blot analyses of the
indicated MEF cell lines show unchanged expression levels of each of the lamin isoforms
and the retention of the lamins following the shRNAi-mediated knockdown of vimentin. (c)
3D-SIM images of pre-permeabilized, nuclease treated and immunolabeled MEFs shows
similar localization and expression of lamin A and lamin B1 compared to untreated cells (a).
Scale bar, 1 um. (d) The localization of the lamina associated proteins (LAPS), emerin and
Lap2p, exhibit high similarities between pre-permeabilized and nuclease treated (+) and
untreated (-) cells, as indicated by 3D-SIM analysis. Scale bar, 1 um. (e) lllustration of the
cryo-ET sample preparation procedure.
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Extended Data Figure 2. vitrified MEF nuclear envelopes on Cryo-ET EM grids
(a) Low magnification view of two nuclei (encircled by red lines) on a 100 x 100 um?

carbon mesh of an EM-grid. Scale bar, 50 um. (b) Image shows a part of a nucleus
(contoured by the light-grey line). Cryo-tomograms of 1.4 x 1.4 um? were acquired at
various positions within the area indicated (1-4). Representative xy-slices from sub-volumes
containing filaments within regions 1-4 are shown in Figure 1b. Scale bar, 2 um. (c) Higher
magnification projection view of a nucleus reveals some of the canonical components of the
nucleus, e.g. a region of preserved nuclear double-membrane (white arrows), NPCs (white
arrowheads) and a highly dense area with putative chromatin remnants (in the upper left
corner). Scale bar, 1 pm. (d) Consecutive 1.36 nm xy-slices show the thickness of the lamin
meshwork and displays occasionally observed putative chromatin remnants (white arrows).
Scale bar, 100 nm. (e) Rendering shows segmented lamin filaments (yellow) and putative
chromatin remnants (blue). This view of the segmented nuclear lamina displays individual
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filaments that cross each other at different positions along the z-axis within a boundary of
~14 nm. Scale bar, 100 nm.

a a-LMNA/C control

Extended Data Figure 3. Immunogold-labeling of A- and B-type lamins
Nuclei on EM-grids were treated with a-lamin A/C or a-lamin B1 antibodies and labeled

with 6 nm gold conjugated protein A prior vitrification and cryo-ET analysis. Control
samples were treated with protein A conjugate only. (a) Projection views of nuclei
(contoured by the light-grey line) display the distribution of gold conjugate. Scale bar, 200
nm. (b) Zoomed-in images show 9 nm thick xy-slices through reconstructed volumes of the
respective immunogold-labeled nuclei. A- and B-type filaments are labeled with gold
conjugate as indicated (red circles). Scale bar, 100 nm. (c) Gallery view of immunogold-
labeled, segmented and skeletonized filaments from 40 nm thick sub-volumes. Green dots
indicate immunogold-labeled lamin A and red dots lamin B1 in nine sub-volumes each,
locating both within sparsely and densely packed regions. Scale bar, 200 nm. (d) Box plot
shows the immunogold-labeling density of lamin A/C and lamin B1 per um? (+/- SD) from
volumes shown in (c) (white line represents the median and black dot the average number of
gold particles).
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Extended Data Figure 4. Co-Immunogold-labeling of A- and B-type lamins
(a) Nuclei on EM-grids were treated with a-lamin A/C and a-lamin B1 and labeled with 6

nm and 10 nm gold conjugates, respectively, prior to vitrification and cryo-ET analysis.
Control samples (middle and right) were either treated with a-lamin A/C prior to treatment
with 6 nm gold conjugate, post-fixation and subsequent treatment with 10 nm gold conjugate
(middle panel), or only with 6 nm and 10 nm gold conjugate (right panel), omitting
incubation with antibodies. Large projection views of parts of nuclei (contoured by the light-
grey line) display the distribution of gold conjugates under the indicated conditions. Scale
bar, 200 nm. (b) Box plots show the labeling density of 6 nm (lamin A/C) and 10 nm (lamin
B1) gold particles per pm? (+/— SD) under the indicated conditions (white line represents the
median and black dot the average amount of gold particles). The number of gold particles
was extracted from 47 sub-volumes (left panel), 9 sub-volumes (middle panel) or 11 sub-
volumes (right panel). (c) To validate the reliable assignment of small and large gold
colloids, 6 nm and 10 nm gold conjugated protein A label were manually picked from
samples containing either 6 nm or 10 nm colloids (individual gold colloids), a mixture of
both (mixed gold colloids) or from the co-immunogold labeling experiment (lamin A/C and
B1 co-labeling experiments) and averaged (n = 200 per condition). The two images at the
bottom show a collage of nine individual 6 nm (left) and 10 nm (right) gold conjugated
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protein A label, respectively, which were picked from the co-immunogold labeling
experiments. The line plot shows the normalized intensity profile of the average diameter of
the gold conjugated protein A labels that were picked from the indicated samples. The solid
lines show the intensity profile of the averaged gold label from the samples containing only
one type of colloid. The dashed lines show the intensity profile of the averaged gold labels
picked from a mixture. The lines with diamonds show the profile of the averaged gold labels
from the co-immunogold labeling experiment. The line profiles of the 6 nm and 10 nm
averaged gold conjugated protein A labels are shown in green and red, respectively. The line
plot shows almost identical diameters of the 6 nm or 10 nm gold labels for each condition.

7 ST Aok f) TIR T3
rRREre N RVARH
SGUERURER I

A )’) ‘. ;‘ :\; :;‘\ PRy

1‘3,\5,,!__:
;c

Extended Data Figure 5. Lamin filament classification and averaging
(a) Gallery view illustrates a set of extracted and aligned filaments used for further analysis.

(b) Montage of 36 out of the 40 most populated class averages displays rod-like structures
flanked by globular domains at different positions along the central rod. The yellow dots
mark four of the most populated classes that are shown in Fig. 3a, b and c. The class index is
given in the upper left corner of the sub-frames and the number of particles in the respective
class in the lower left corner. (c) Comparison of class averages with index 2 and 5 (Fig. 3c)
with /n vitro data 1 shows remarkable similarities (yellow arrowheads).
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Extended Data Figure 6. Structural analysis of in vitro assembled A- and B-type lamin
paracrystals

The final step in the /in vitro assembly of assembled A- and B-type lamins results in the
formation of paracrystals that display identical organization, corroborating that A- and B-
type lamins assemble into similar structures (a) TEM analysis and comparison of negatively
stained human lamin C 2, B1 and B2 paracrystals show an identical striped pattern with 20
nm repeats. Scale bar, 20 nm. (b) Cryo-ET analysis of /n vitro assembled lamin A shows the
same 20 nm repeating pattern compared to the lamin isoforms shown in (a). Scale bar, 20
nm. (¢) The model shows the 2D arrangement of lamin protofilaments within a paracrystal.
The rod-like structure is shown in grey and the globular tail domains in red. (d) Averaged
structure of cryo-tomograms of /n vitro assembled lamin A as shown in (b) displays the
striped pattern comprising the purported Ig-fold domains at distances of 20 nm, comparable
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to the spacing of the repeating pairs of globular domains in some structural classes from our
in situ structural analysis (Fig. 3a and b). The distance of the putative 1g-fold domains within
the stripes of the paracrystals is 6 nm. Scale bar, 20 nm.

- Head-to-tail )
Lamin dimers polymers Protofilament

®
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“ tetrameric hexameric
% region ___[e:giog_
i tetrameric
& region
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longitudinal lateral assembly Alamert
assembly (parallel or anti-parallel)

Extended Data Figure 7. Lamin assembly scheme
Averaging and classification of lamin filaments examined /n situ show that lamin filaments

are composed of two half-staggered head-to-tail polymers. For this, lamin dimers (left)
assemble into dimeric head-to-tail polymers exhibiting short overlapping regions, tetrameric
in a crosssection (middle). The Ig-domains (red) along the head-to-tail polymer are
positioned every ~40 nm. Ultimately, two head-to-tail polymers assemble laterally into a
protofilament (right) with a uniformly shaped rod, ~3.5 nm in diameter, containing
alternating tetra- and hexameric regions. In this assembly state the 1g-domains are positioned
every 20 nm alongside the protofilament.
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Figure 1. Architecture of the filamentous meshwork of the lamina of the mammalian cell nucleus
(a) Rendered view of a 70 nm thick tomogram slice illustrates the putative lamin filaments

(yellow), NPCs (red) and occasionally observed cytoplasmic actin filaments (green) on top
of the nucleus. Scale bar, 200 nm. (b) 2 nm thick tomogram slices from different regions of
the nuclear lamina (as indicated in Extended Data Fig. 2b). Scale bar, 100 nm. (c) Histogram
of the filament length distribution. (d) Histogram of the persistence length distribution (e)
Histogram of the thickness of the lamin-containing layer.
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Figure 2. Characterization of the lamin meshwork
(a) Rendered lamin filaments from 25 sub-volumes at different positions of nine different

nuclei. Scale bar, 200 nm. (b) Histogram of the average occupancy of lamin filaments. (c)
Rendered view of 9 nm thick tomogram slices of immunogold-labeled nuclei illustrates
lamin filaments (yellow), NPCs (red) and gold conjugates (black). Scale bar, 100 nm. (d) 14
nm thick tomogram slices of co-immunogold-labeled nuclei shows A- and B-type filaments
labeled with 6 nm (green circles) and 10 nm (red circles) gold conjugate, respectively. Scale
bar, 100 nm. (e) Co-immunogold-labeled A- and B-type lamins from 36 tomographic sub-
volumes were combined with lamin A/C in green and lamin B1 in red. The labels were
depicted as circular Gaussian functions with a FWHM of 10 nm (e, left) and 120 nm (e,
right), respectively. Scale bar is 1 um. (f) Co-immunofluorescence of lamin A and B1,
visualized by 3D-SIM at a resolution of about 110-130 nm 2. Scale bar, 1 pm.
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Figure 3. Structural analysis of lamin filaments
(a, b) Some filament classes show alternating distances of ~20 nm between paired globular

domains alongside the rod (dashed lines). (c) The globular domains (red arrowheads) appear
either on each side of the rod (blue arrowhead) or on the same side of the rod. Scale bar, 5
nm. (d) The dashed line and the continuous line in the normalized intensity profile indicate
the average diameter of the rod (blue arrowhead) and the globular domains (red arrowheads)
as shown in (c), respectively. The distance between the globular domains on the left and the
right side of the rod is ~12 nm. (e) The lamin filament model illustrates the uniform
thickness of the rod domain and the positions of the globular domains (red) alongside the
rod. (f) A cross-section through a coiled-coil dimer, tetramer and hexamer illustrates the

non-isotropic thickness of a dimer, based on the analysis of coiled-coil structures shown
in 23,30
in 2350,
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Figure 4. The nuclear lamina and cytoskeletal constituents of mammalian somatic cells
(a) Lamins (rod-domain in dark grey and Ig-domain in red), NPCs (blue) and the INM and

ONM (transparent grey), were modeled into a region of a cryo-tomogram containing the
lamin meshwork (see Fig. 1a). (b) Comparison between cytoskeletal elements in 4 nm thick
tomogram slices shows MTs, actin, vimentin and the lamins with their respective diameters.
Scale bar, 20 nm.

Nature. Author manuscript; available in PMC 2017 September 27.



	Abstract
	Methods
	Cell lines and cell culture
	Antibodies
	Cryo-ET sample preparation
	Immunogold-labeling
	Co-immunogold labeling analysis
	Cryo-electron tomography
	Analysis of lamin filaments
	Image processing

	Extended Data
	Extended Data Figure 1
	Extended Data Figure 2
	Extended Data Figure 3
	Extended Data Figure 4
	Extended Data Figure 5
	Extended Data Figure 6
	Extended Data Figure 7
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

