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Phase separation is an important mechanism to generate certain biomolecular condensates and organize the cell interior. 
Condensate formation and function remain incompletely understood due to difficulties in visualizing the condensate 
interior at high resolution. Here we analyzed the structure of biochemically reconstituted chromatin condensates through 
cryo-electron tomography. We found that traditional blotting methods of sample preparation were inadequate, and high-
pressure freezing plus focused ion beam milling was essential to maintain condensate integrity. To identify densely packed 
molecules within the condensate, we integrated deep learning-based segmentation with novel context-aware template 
matching. Our approaches were developed on chromatin condensates, and were also effective on condensed regions of in 
situ native chromatin. Using these methods, we determined the average structure of nucleosomes to 6.1 and 12 Å resolution 
in reconstituted and native systems, respectively, and found that nucleosomes have a nearly random orientation 
distribution in both cases. Our methods should be applicable to diverse biochemically reconstituted biomolecular 
condensates and to some condensates in cells. 

Introduction 
 Biomolecular condensates are increasingly recognized for 
their important roles in myriad biological processes, ranging 
from gene expression and signal transduction to stress 
responses(1-3). Dysregulation of condensates is implicated 
in diseases including neurodegenerative disorders (e.g. 
amyotrophic lateral sclerosis), cancer and viral infection(4-
6). The internal structure and dynamic rearrangements of 
condensates are believed to play pivotal roles in their normal 
functions and in disease progression(1, 2). 

Analogous to traditional structural analyses of molecular 
machines, direct visualization of components within 
condensates could provide substantial insights into the 
mechanisms by which condensates form, respond to signals, 
and function. This goal encompasses analyses of the 
conformations of individual molecules and their discrete 
complexes, and also an understanding of the higher-order 
organization of these components, encompassing their 
positions, orientations, and interactions. Notably, this latter 
goal is different from most NMR, crystallographic, and 
single-particle cryo-electron microscopy (cryoEM) analyses, 
which generally seek to understand the average structure of 
individual components at high resolution rather than the 
spatial arrangements of molecules in the collection. 

Biochemical reconstitution of condensates offers a 
controlled environment that simplifies these complex 
systems, allowing for detailed studies of their activities and 
the derivation of underlying principles applicable to more 
complex in vivo systems(7-9). Structural studies of these 

reconstituted systems are particularly promising as they 
provide a precise understanding of structure-function 
relationships in a well-defined context where all component 
parts are known a priori.  

Cryo-electron tomography (cryo-ET) is a potentially 
powerful technique for structural analyses of condensates 
because it enables visualization of all individual particles 
within a field of view(10). Particles can be computationally 
combined to yield an average structure, and also their spatial 
arrangements can be analyzed to yield information on 
higher-order organization. However, unique and generic 
challenges arise when studying condensates with cryo-ET. 
Many condensates behave as dynamic liquids, in which 
molecules interact weakly and transiently(1-3). This 
property makes them particularly susceptible to 
perturbations during sample preparation, especially in 
biochemically reconstituted systems(11, 12).The high 
density of molecules within condensates can also obscure 
individual molecular details and produce overlapping 
electron density in low electron dosed, noisy tomograms. 
Furthermore, to achieve high resolution reconstructions of 
individual molecules/complexes, traditional single-particle 
cryo-EM approaches typically discard the vast majority of 
particles(13), and cryo-ET approaches compensate for 
missing wedge artifacts by averaging particles in different 
orientations(10, 14). However, these procedures are 
inappropriate when a key goal of a study is to identify all 
particles in a sample and understand their spatial 
organization. Because of these issues, while a number of 
studies of both biochemically reconstituted(15-18) and 
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cellular(19-21) condensates have substantially benefitted 
from cryoET, these analyses have not yet yielded high 
resolution structures of condensate components or a 
quantitative understanding of the spatial relationships 
between molecules. Thus, a detailed understanding of the 
internal structures of biomolecular condensates is still 
lacking. 

We sought to address these challenges through cryo-ET 
studies of condensates formed by polynucleosome arrays, 
which model cellular chromatin from the eukaryotic 
nucleus(12, 22, 23). We selected this condensate system for 
several reasons. First, chromatin condensates are 
representative of the many condensates that form through 
multivalency-driven liquid-liquid phase separation 
(LLPS)(22, 24). Second, they present significant technical 
advantages for cryo-ET, as individual nucleosomes are 
flattened discs of known structure, consisting of an ~120 kDa 
proteinaceous core wrapped twice by ~96 kDa (~147 base 
pairs) of double stranded DNA(25). Thus, nucleosomes are 
easily distinguished and identified within tomograms due to 
their large, unique electron-dense shape. Finally, both the 
structure of individual nucleosomes and their higher-order 
organization are important for numerous genomic 
functions(26-28), and chromatin condensates represent a 
powerful biomimetic system to understand how nuclear 
biochemistry is affected by the chromatin environment(22). 
Several studies have investigated the structure of native 
chromatin fibers using cryo-electron microscopy. However, 
most of these have concentrated on the conformations of 
individual nucleosomes or fibers rather than the higher 
order organization of these units or the network of 
interactions between them(16, 29-33). 

Using chromatin condensates, we developed a pipeline 
spanning from sample preparation to image analysis that 
enables structural investigations of the condensate interior. 
The pipeline is effective for both biochemically reconstituted 
chromatin condensates and native chromatin in isolated 
mammalian cell nuclei and intact mammalian cells. Using 
it, we determined the average structure of nucleosomes to 
6.1 and 12 Å resolution from the tomography data in 
reconstituted and native systems, respectively, and show 
that nucleosomes have a nearly random orientation 
distribution in both cases. Our methodology should be 
applicable to many reconstituted condensates and to certain 
cellular condensates where components are large and 
distinctive. 

Results 
Blotting and Self-wicking Distort Condensate Morphologies 

To visualize condensates using cryo-ET, the sample must 
be sufficiently thin to allow electron transmission. Initially, 
we applied standard blotting techniques, where solutions 
containing chromatin condensates were pipetted onto grids, 
and excess liquid was removed with filter paper to create a 
thin layer (Fig 1a). Subsequent plunge freezing and tilt-se-
ries collection enabled reconstruction of tomograms with 
high contrast (Fig 1b). However, this process substantially 
distorted the chromatin condensate structure. The droplets 

were compressed into a thin layer, which, coupled with ca-
pillary forces, caused significant deformation (Fig 1b). The 
droplets were no longer round, contained numerous internal 
cavities, and consistently adhered to the carbon support on 
the grid. Extensive naked DNA was also observed, indicating 
that nucleosomes had been disassembled. These artifacts 
compromised the reliability of the structural data. Attempts 
to mitigate damage using a one-sided blotting technique 
were unsuccessful; droplets still adhered to the carbon in un-
usual shapes (Fig S1a, b). 

Subsequently, we explored the self-wicking method(34), 
in which a small volume of sample is sprayed on the grid and 
nanofibers on the grid then extract excess buffer to reduce 
specimen thickness (Fig 1a). This approach presented simi-
lar artifacts, whereby droplets continued to adhere to the 
carbon support, were compressed into thin layers, and ex-
posed significant amounts of naked DNA (Fig S1c, d). As de-
scribed below, blotting and self-wicking also altered the den-
sity of nucleosomes in the condensates. 

An additional problem with both the blotting and self-
wicking approaches is that condensates at the air-water in-
terface (AWI) displayed a marked orientational bias. Con-
text aware template matching (CATM; detailed below) anal-
ysis of nucleosome orientations revealed that nucleosomes 
throughout the sample had an orientation distribution that 
is highly non-random, contrary to expectations for an iso-
tropic condensate (see below). Moreover, those at the AWI 
present a greater proportion of nucleosomes with their faces 
parallel to the interface (Fig 1c-e, S1d, e).  

To further investigate this bias, we blotted non-phase 
separated samples composed of mononucleosomes and col-
lected tomograms (Fig S2a). The resulting images confirmed 
that nucleosomes were also predominantly trapped at the 
AWI in a face-on orientation with unwrapped nucleosomes 
(Fig S2b, c). Preferred orientation due to the AWI is a well 
documented issue in single-particle cryo-EM(35); our results 
further highlight the challenges posed by these sample prep-
aration methods in preserving native higher-order organiza-
tion of biochemical samples, including condensates. 
 
Preservation of Droplet Morphology via High-Pressure 
Freezing and Cryo-focused Ion Beam Milling 

To best preserve condensates in their native state and 
during sample preparation, we turned to high-pressure 
freezing (HPF) and cryo-focused ion beam (Cryo-FIB) mill-
ing using the Waffle Method(36). Condensate-containing 
samples were transferred to the back side of holey carbon 
grids, and droplets (~0.5-3 µm in diameter) were allowed to 
settle on the carbon film for 30 seconds before freezing to 
enrich droplets on the front side of the grid. After HPF, such 
droplets were fully embedded in the 25 µm thick slab of vit-
reous ice on the grid (Fig 2a). 

We then used cryo-fluorescence microscopy of the frozen 
grids with Alexa Fluor 594 (AF594)-labeled chromatin con-
densates to identify grid squares, and subregions within 
them, with highly abundant droplets in order to increase the 
probability of capturing condensates in the milled lamella   
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 (Fig 2b). The grids were transferred to the chamber of the 
Cryo-FIB instrument and the droplet-enriched regions 
were milled at random sub-locations (Fig 2c). Droplets 
within the lamella were identified via transmission electron 
microscopy (Fig. 2d). Effective template matching (see be-
low) required lamella with 80-150 nm thickness. This thick-
ness was important, since thicker samples resulted in in-
creased electron scattering, leading to lower resolution and 
poor contrast, which compromised the quality of the 

acquired images and hindered accurate structural analy-
sis(37). Using HPF and cryo-FIB milling (Movie 1), we 
could solve many of the problems associated with blotting 
and self-wicking methods. HPF produced spherical drop-
lets with little apparent distortion (Fig 2e). These could be 
generated from condensates that were free-floating in solu-
tion and not attached to the carbon supports of the grid. In-
ternally, nucleosomes were relatively uniform in density 
and the droplets lacked large cavities. No naked DNA could 

Figure 1. Morphological distortions in condensates by blotting and self-wicking techniques. 
(a) Diagram depicting blotting- and self-wicking-based sample preparation for cryo-ET. 
(b) Orthogonal cross-sections of chromatin condensates processed using the blotting technique. Yellow arrows indicate carbon support film on 
the grids. White arrows indicate exposed nucleosomes and bare DNA regions. Scale bar is100 nm.  X-Y, X-Z views are shown with green, magenta 
outlines, respectively.  
(c) Zoom-in the X-Z view of the tomogram, with the assigned nucleosomes colored by the relative orientation (top left) or distance (bottom right) 
to the AWI. 
(d) Representative sections demonstrating chromatin condensates located close to and away from the air-water interface. Scale bars are 20 nm. 
(e) Angular distribution relative to beam direction (Z-axis) of nucleosomes at the air-water interface and in the core of the condensate. 
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be observed, indicating that the nucleosomes were gener-
ally intact. Finally, the overall density of HPF condensates 
was intermediate between blotted samples, where disrup-
tion generally spread nucleosomes, and wicked samples, 
where dehydration increased nucleosome packing (Fig 2f). 

Assigning Nucleosomes in Synthetic Tomograms with Con-
text-Aware Template Matching (CATM) 

Understanding molecular interactions and higher order 
organization within condensates requires accurate 

Figure 2. Preservation of droplet morphology via high-pressure freezing and cryo-focused ion beam milling. 
(a) Diagram depicting the integrated approach employing high-pressure freezing, correlative light and electron microscopy, and cryo-electron tomog-
raphy to visualize chromatin droplets in their native state. Large condensates cut into discs, and small condensates  remain fully round. 
(b) Representative squares of cryo-fluorescent images. Chromatin was labeled on histone H2B with AF594. Scale bar is 20 μm. 
(c) An example of the lamella production using FIB-milling. Scale bar is 20 μm. 
(d) Representative images of medium magnification montage for lamella using cryo-TEM, with a scale bar represent 2 μm. Insert in the enlarge image 
of the red box, the scale bar is 200 nm.  
(e) Orthogonal tomographic cross-sections of chromatin condensates prepared via HPF. Scale bar is 100 nm. X-Y, X-Z and Y-Z views are shown with 
green, red and blue outlines, respectively. 
(f) Tomographic sections illustrating chromatin in samples prepared using the indicated methods. Scale bar is 20 nm. 
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assignments of molecular identity with high coverage in 
tomograms. This is a challenging task due to the crowded 
environment inside condensates and technical issues in-
cluding the "missing wedge" problem and contrast transfer 

function (CTF) modulation, which render molecular identi-
ties ambiguous even for well-characterized structures(38) 
(Fig 3c, S3). To evaluate the efficacy of various template 
matching procedures in identifying individual nucleosomes 

Figure 3. Context-Aware Template Matching for precise nucleosome localization and orientation in simulated data. 
(a) Schematic overview of standard template matching algorithm and context-aware template matching. For standard template matching, each 
representative voxel only retains the reference image (and corresponding template) with highest CCC to data, and the particles are then filtered 
by a distance cutoff between their centers of mass.  
(b) Schematic overview of context-aware template matching. Centroids of the models are first identified with deep learning segmentation and 
localization. The localized particles are then used for local template matching and multiple templates are systematically used for optimization in 
the assignments.  
(c) Simulation of missing-wedge and CTF modulation effects for  a pair of stacked nucleosomes from different perspectives.   
(d) Precision and recall for nucleosome assignments (center of mass position) by CATM and TM. The TM algorithm has different performance 
characteristics for different cross-correlation cutoffs; the cutoff with highest F1 score was used for later analysis. CATM produces only a single set 
of assignments. The results are presented as the mean and standard deviation calculated from three tomograms. 
(e) Distribution of nucleosome orientations with respect to the beam direction (Z-axis) as determined by CATM and TM. Nucleosomes are oriented 
randomly in the ground truth (black circles), producing a sinusoidal distribution. The results are reported as the mean and standard deviation 
derived from three tomograms. 
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in condensates, we first simulated tomograms with a mix of 
nucleosomes and DNA, mirroring the density of the chro-
matin condensates and the noise level(39) in our images (Fig 
S4a). Using standard techniques(40, 41) (see Methods) ap-
plied to these simulated data (Fig 3a), we positioned the cen-
ter of mass of the template at each voxel, rotated it at various 
angles, applied the missing wedge, and performed cross-cor-
relation. The highest cross-correlation  coefficient (CCC) 
values then determined the center of mass voxel and orien-
tation of each matched template. In refinement, when two 
particles had centers of mass within a specified distance cut-
off (4 nm, the width of nucleosome), the one with lower CCC 
value was removed. Using various CCC cutoffs we calcu-
lated established metrics of machine learning(42, 43), 
namely recall, precision, and F1 (the harmonic mean of pre-
cision and recall; see Methods), to compare assigned posi-
tions/orientations with the ground truth. Analyzing the nu-
cleosome centers of mass, we obtained  a maximum F1 score 
of 0.85. Adding orientation angles to the comparison re-
duced the maximum F1 score to 0.76 (Fig S4f). Using the 
well established template matching program PyTom(40) 
with default parameters yielded similar results (Fig S4d-g), 
indicating that standard template matching alone may be in-
sufficient for precise nucleosome assignment. 

The high density of particles in condensates often results 
in overlap of initially assigned positions during template 
matching, a problem that is exacerbated by artifacts from the 
missing wedge and CTF(38). To solve this problem, it is es-
sential to simultaneously optimize particle positions and ori-
entations. Moreover, the non-spherical shape of the nucleo-
somes necessitates that the assignment process incorporates 
steric information instead of merely relying on a single cen-
ter-to-center distance cutoff(44). Traditional template 
matching struggles in this regard because it treats each voxel 
uniformly, resulting in an unfeasibly large search space 
when optimizing orientations of multiple particles simulta-
neously. To address this complexity, we divided the task into 
two distinct stages: localization and angular assignment (Fig 
3b). Initial localization of the particles was achieved using 
deep learning-based image segmentation(45). This was fol-
lowed by refinement of particle orientations and positions 
through local template matching and pose optimization, tak-
ing into account the steric properties of the templates (Fig 
3b). Local template matching limited by the image segmen-
tation has a vastly limited search space, allowing simultane-
ous pair-wise optimization of particle position/orientation. 

In practice, we used DeepFinder(45) to segment the de-
noised tomograms (see below) and determine an initial esti-
mate of the center of mass of each particle. We then use these 
particle positions as a starting point for a process we term 
Context Aware Template Matching (CATM, Fig 3b, Movie 
2). During CATM, subtomograms centered at the particle 
positions were extracted from the low pass filtered raw 
tomogram, and the template was rotated at various orienta-
tions to calculate the cross-correlation. We retained the ori-
entation with the highest CCC along with those with lower 
values for each particle (above a threshold of ~0.3, Fig 3b). 

The mapping process involved iterating through each parti-
cle, in descending order of CCC, and positioning them back 
into a tomogram. If a given particle had a steric clash with 
previously placed particles, the alternative orientations 
saved for that particle were examined to resolve the clash. If 
the clash remained unresolved by these configurations, we 
paired the nearest neighboring particle with the current par-
ticle and tested combinations of orientations for both to set-
tle the conflict. If sterically compatible solutions were found, 
the orientation pairs that maximize the CCC values were re-
tained and placed in the tomogram. If a resolution was un-
attainable, only the particle with the higher CCC was saved 
(Fig S5). 

This method significantly improved the accuracy of nu-
cleosome identification and orientation assignments, 
achieving both high precision and recall (Fig 3d). The F1 
score of 0.99 for position assignment and 0.96 for angular as-
signment (Fig S4e, f) substantially surpasses the TM perfor-
mance. Furthermore, an important measure of accuracy in 
the assigned nucleosome orientations is the distribution of 
angles with respect to the imaging axes. Since nucleosomes 
should be randomly oriented both in the simulated data and 
in real data on frozen condensates (which are isotropic), the 
distribution of nucleosome planes should be random, i.e. si-
nusoidal in angular coordinates(46) (Fig 3e, black line). 
Missing wedge distortions make correct assignment in the Z-
dimension particularly difficult. As shown in Figures S4g-h, 
standard template matching under-counts nucleosomes 
viewed face-on (low angles between the vector normal to the 
nucleosome plane and the imaging axis vector, along Z) and 
over-counts side-on views (high angles between these vec-
tors). In contrast, CATM achieved a random distribution of 
nucleosome orientations that mirrored the ground truth. 
Thus, image segmentation followed by CATM enables nu-
cleosomes to be accurately positioned and oriented in simu-
lated tomograms. 
 
Application of CATM to Chromatin Condensates 

We next sought to apply CATM to reconstructed tomo-
grams generated from tilt series acquired on cryo-FIB milled 
lamella containing chromatin condensates. To enhance the 
visualization and segmentation of nucleosomes, we first 
used Warp(47) and IsoNet(48) to denoise the tomograms 
(Fig S5). We manually segmented a small training set vol-
ume in DeepFinder, and used the assignments to train the 
neural network for segmentation. We employed the 
MeanShift(49) algorithm to retrieve the centroids of the par-
ticles and to remove particles too close to the surfaces (< 20 
nm) of the FIB-milled lamella or located external to the con-
densates (Fig S6). 

Based on the particle locations, we used CATM to assign 
nucleosome orientations. Both position and orientation 
were then further refined using Relion(50). We noticed that 
since particles are independently processed in Relion, refine-
ment has a propensity to cause nearby particles to become 
overlaid at a single position. This occurs for ~5-20% of parti-
cles depending on the nature of the condensate (Fig S7a-c). 
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To ensure accurate placement of the maximum number of 
particles, we merge the results from CATM and Relion, ex-
cluding overlaid particles that lead to clashes and adding the 
missing particles from the CATM result, to achieve a refined 
set of nucleosome assignments (Fig S7a,b). 

Visual inspection of the final set of assigned particles 
mapped back to the tomograms suggested that most nucleo-
somes were correctly positioned and oriented by the proce-
dures (Fig 4a). Moreover, the distribution of nucleosome ori-
entations was nearly random in the imaging directions, as 
expected for an isotropic condensate, supporting accuracy of 
the assignments (Fig 4b). Finally, we extracted subtomo-
grams and performed subtomogram averaging using Relion, 
which yielded a nucleosome structure at 6.1 Å resolution 
without discarding any particles (126,126 particles from 14 
tomograms acquired from eight lamella, Fig 4c, S8a, Supple-
mentary table 1). These qualitative and quantitative 
measures strongly suggest that our image analysis proce-
dures accurately identify the positions and orientations of 
most nucleosomes within the dense interior of chromatin 
condensates. This information enabled us to construct a 

graph network of nucleosome interactions, revealing the 
clustering properties of chromatin (Fig. 4d). Thus, our pipe-
line from sample preparation to image analysis has enabled 
us to visualize the internal structure of in vitro reconstituted 
chromatin condensates. 

 
Application of CATM to In Situ Native Chromatin 

We next sought to apply our methods to native chroma-
tin, which is appreciably more complicated than our syn-
thetic condensates. Complexity arises because in the cell, 
nucleosomes are composed of different histone variants(51), 
are covalently modified with diverse epigenetic marks(52), 
are separated by DNA linkers of variable length(53), and are 
bound to other macromolecular components(54). Neverthe-
less, the relatively stereotypical structure of the nucleosome, 
coupled with previous cryo-ET applications to native chro-
matin(16, 29-33), suggested our approaches could be effec-
tive even in this more complicated system.  

We purified HeLa cell nuclei and prepared lamella using 
HPF and cryo-FIB milling. Consistent with super-resolution 
imaging of nuclear DNA(55, 56), native chromatin shows 

Figure 4. Cryo-ET analysis of reconstituted chromatin condensates. 
(a) Tomographic visualization and CATM analysis of chromatin condensates. Left panel presents a tomographic section through a chromatin con-
densate, scale bar is 100 nm. The central panel shows an enlarged view of the area delineated by the blue square in the left image, scale bar is 20 
nm. The right panel shows CATM nucleosome assignments for the tomographic section in the central panel. 
(b) Distribution of nucleosome orientations with respect to the beam direction (Z-axis) as determined by the specified algorithm. Random orientations 
(grey) are sinusoidally distributed. 
(c) Subtomogram averaging of 126,125 particles from 14 tomograms, identified by CATM, aligned with a cryo-EM derived core nucleosome structure 
(PDB ID: 6pwe). 
(d) Graph network of the chromatin condensate, where each node represents a nucleosome from panel (a) and is color-coded based on the valency 
of interactions it mediates. 
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numerous 50-100 nm diameter regions of high electron den-
sity separated by regions of low density. Within the former, 
numerous nucleosomes can be observed readily by inspec-
tion (Fig 5a). We focused our analyses on these nucleosome-
rich regions. These samples yielded high-quality tomo-
graphic data, enabling us to precisely map the nucleosomes 
using the CATM algorithm (Fig 5a). In the absence of spe-
cific landmarks that might locally influence the organization 
of chromatin, we would expect nucleosomes to be randomly 
oriented, as in our in vitro condensates. Consistent with this 
idea, nucleosome orientations in native chromatin were pre-
dominantly random with respect to the imaging axes. This 
random distribution supports both the maintenance of 

sample integrity during freezing, and the efficacy of our al-
gorithm (Fig 5b). Subsequent subtomogram averaging 
yielded a nucleosome structure with a resolution of 12 Å, 
based on 35,503 particles observed in three lamellae (Fig 5c, 
S8b, Supplementary table 1). 

We further extended our approaches to plunge-frozen 
NIH3T3 cells, where we collected tilt-series on cryo-FIB 
milled lamella containing nuclei. Within the peripheral re-
gions of these nuclei, we identified various cellular compo-
nents, including ribosomes, the nuclear envelope, and nu-
cleosomes. Post-denoising, regions containing nucleosomes 
at high density were clearly distinguishable (Fig 5d). Within 
these regions, individual nucleosomes could be accurately 

Figure 5. Configuration of native chromatin in isolated HeLa nuclei and intact NIH3T3 Cells. 
(a) A tomographic slice through purified HeLa cell nuclei (left) with superimposed nucleosome models assigned by CATM (right). Scale bar is 20 
nm. 
(b) Distribution of nucleosome orientations with respect to the beam direction (Z-axis) as determined by CATM of the 35,503 nucleosomes identified 
within 13 tomograms from three purified HeLa cell nuclei.  
(c) Subtomogram average of nucleosome structure extracted from the HeLa cell nuclei with resolution is 12 Å, aligning with nucleosome structure 
(PDB ID: 6pwe) 
(d) Cross-section from a tomographic volume of an NIH3T3 cell. Scale bar is 100 nm. 
(e) Segmented visualization of the nuclear envelope, ribosome and nucleosomes from the tomogram in (d) but with whole tomogram annotation, 
illustrating nucleosomes assigned by CATM (magenta), ribosomes (cyan), and the nuclear envelope (gray) embedded within the volume. 
(f) Distribution of nucleosome orientations with respect to the beam direction (Z-axis) as determined by CATM of 13,265 nucleosomes from four 
tomograms of NIH3T3 cells. 
(g) Subtomogram average depicting the two classes of nucleosome reconstructed from a total of 6470 and 6804 particles in 4 tomograms from 
NIH3T3 cells. The resolution is 12 Å for class 1 and 22 Å for class 2, with the maps fitted to nucleosome structures (PDB IDs: 6pwe and 4qlc, 
respectively). Black arrow points to probable linker histone density at the nucleosome dyad.  
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assigned using CATM (Fig 5e). The near-random distribu-
tion of nucleosome orientations relative to the imaging axis 
confirmed the accuracy of the algorithm and indicates that 
in vivo the higher order organization of chromatin may not 
be strongly influenced by neighboring cellular structures 
(Fig 5f). Subtomogram averaging yielded two different clas-
ses of nucleosome structures, with ~12 Å and 22 Å resolu-
tion, respectively (Fig 5g, S8c, Supplementary table 1). Nota-
bly, in the former, the reconstructed structure included den-
sity consistent with linker histone, which binds to the nucle-
osome dyad axis with high stoichiometry in mammalian 
cells(57) (Fig 5g). 

 

Discussion 
There is growing recognition that biomolecular conden-

sates have highly complex physical properties(58). Most be-
have as heterogeneous network fluids, with internal sub-
structures on different length scales(59), as well as differ-
ences in molecular organization between their cores and 
surfaces(60, 61). Moreover, their internal solution environ-
ments can differ substantially from the surrounding media, 
for example in pH, salt concentration(62, 63), and hydropho-
bicity(64). To fully understand how these properties affect 
chemistry within condensates, it is necessary to understand 
the structures of individual components as well as their 
higher order organization.  

Our results demonstrate the effectiveness of high-pres-
sure freezing (HPF) and focused ion beam (FIB) milling (the 
waffle method(36)), coupled with cryo-ET and image analy-
sis, to achieve this goal. The pipeline we have developed here 
overcomes two substantial obstacles in studies of condensate 
structure. First, due to the liquid-like properties of conden-
sates, inappropriate preparation of biochemical samples can 
lead to artifactual distortions of both their overall architec-
ture (Fig. 1b) and their internal packing arrangements (Fig 
2c). By contrast, HPF is highly structure-preserving. Second, 
the high density of condensates can lead to inaccurate mo-
lecular assignments, introducing artifacts such as apparent 
preferred orientation (Figs. 3, 4b), which impair interpreta-
tion of higher order organization and can degrade the qual-
ity of subtomogram analysis. Our CATM algorithm utilizes 
both features of the images and prior knowledge of molecu-
lar structure to achieve accurate assignments. These meth-
ods now open the door to understanding how the internal 
structure of biomolecular condensates influences diverse 
processes. 

Further technical improvements should advance the ca-
pabilities of the pipeline. Recently matured plasma-FIB mill-
ing(65) will enhance the efficiency of sample preparation, as 
it can process thick ice layers more rapidly and potentially 
yield more stable lamellae. Additionally, for condensates 
typically less than 10 µm in diameter, employing specially 
designed grids with thinner bars could reduce stress on the 
samples during milling, leading to quicker processing and 
more stable lamellae. Moreover, advanced laser phase plate 
technology(66) holds great promise for visualizing and ana-
lyzing smaller, more heterogeneous samples in both in vitro 

and in vivo settings. Our CATM algorithm may be enhanced 
by incorporating GPU acceleration, which could improve 
angular sampling during template matching, thereby refin-
ing the precision of angular assignments. Moreover, expand-
ing from two-body to multi-body optimization, possibly in-
corporating Monte Carlo sampling, could provide even more 
accurate assignments, advancing our understanding of com-
plex interactions within condensates. 

Most of the cryo-ET analyses described here focused on 
biochemical reconstitutions, where knowledge of compo-
nent parts greatly simplifies template matching. Neverthe-
less, we have shown that our pipeline can be extended to cer-
tain cellular structures where selected components are 
highly enriched and have stereotypical structures, as in 
chromatin studied in nuclei here. Other cases may include 
condensates containing recognizable filaments, as in centro-
somes(67) or immune signaling condensates(68), or large 
machines, as in transcriptional(69) or splicing foci(70). Ad-
vances in correlative cryo-super-resolution light microscopy 
and cryoET may enable molecular-scale structural analyses 
of other condensates as well(71). Ultimately, the combina-
tion of biochemical reconstitutions of increasing complex-
ity(7, 67, 68) plus in situ analysis of cellular condensates is 
likely to provide the greatest depth of mechanistic under-
standing. 

In conclusion, by ensuring the integrity of reconstituted 
condensates and accurate molecular assignments, our study 
establishes a workflow for structural analysis of both bio-
chemically reconstituted and native chromatin condensates, 
which should be applicable to certain other condensates as 
well. Using it, we have been able to determine structures of 
nucleosomes in both reconstituted chromatin condensates 
and native chromatin. Additionally, we found that nucleo-
some orientations are nearly random in both cases. Future 
studies will address key issues in the condensate and chro-
matin fields, including mechanisms of phase separation, the 
activities of resident molecules, and the influence of envi-
ronment on condensate chemistry. 
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Materials and Methods 
Protein purification and nucleosome array assembly 

The nucleosome arrays were constructed as previously described(22). 
Briefly, human histones H2A, H2B, H3, and H4 were recombinantly ex-
pressed in E. coli, purified chromatographically and assembled into octam-
ers. Octamers were assembled using salt dialysis onto DNA consisting of 12 
repeats of the Widom 601 nucleosome positioning sequence. Labeling was 
performed by incorporating 1% of AF594-labeled H2BT116C octamers dur-
ing assembly. A 25% excess of H2A/H2B dimer was added to facilitate com-
plete octamer loading. DNA fragments of ~300 bp were used as carrier DNA 
to absorb the excess histones to avoid over assembly. The assembled nucle-
osome arrays were purified using sucrose gradient centrifugation. Sucrose 
was removed by dialysis and the chromatin was then concentrated by ultra-
filtration to 6-8 µM in 20 mM Tris-HCl,  pH 7.5, 1 mM EGTA, 1 mM DTT. 
Array quality was assessed by micrococcal nuclease digestion into mononu-
cleosomes, followed native polyacrylamide gel electrophoresis (PAGE). 
Only samples with >90% properly assembled octamer (rather than under-
assembled hexamer, lacking one copy each of H2A and H2B) were analyzed 
further.  

 
Purification of HeLa Cell Nuclei 

HeLa cell pellets (5x109 cells, Ipracell) were resuspended in 5 volumes 
of lysis buffer (20 mM HEPES, pH 7.9, 5 mM Mg(OAc)2, 0.15 uM Spermine, 
10 mM Sodium Butyrate, 10 mM Nicotinamide, 10 uM Pepstatin, 3 mM 
AEBSF, 10  uM E-64, 2 uM Antipain, 500 uM leupeptin, 2ug/ml aprotinin, 
4 uM TSA, 1 mM DTT), and swelled on ice for 10 minutes. Cells were lysed 
with 0.05% NP-40 and after gentle inversion were kept on ice for 10 minutes. 
The lysate was centrifuged at 1000 x g for 10 minutes at 4°C to pellet the 
nuclei. The supernatant was carefully removed, and the nuclear pellet was 
washed twice with lysis buffer containing 0.34 M sucrose by resuspension 
and subsequent centrifugation at 1000 x g for 10 minutes to remove cyto-
plasmic contaminants. The integrity and purity of the isolated nuclei were 
verified by light microscopy. Purified nuclei were flash frozen in liquid ni-
trogen and stored at -80 °C. For HPF experiments, frozen nuclei were resus-
pended in freezing buffer (20 mM HEPES, pH 7.9, 100 mM KOAc, 1 mM 
Mg(OAc)2, 0.15 uM Spermine, 10 mM Sodium Butyrate, 10 mM Nicotina-
mide, 10 uM Pepstatin, 3 mM AEBSF, 10  uM E-64, 2 uM Antipain, 500 uM 
leupeptin, 2ug/ml aprotinin, 4 uM TSA, 1 mM DTT). 

 
Grid preparation 

Blotting method 

For sample preparation using the Vitrobot Mark IV (Thermo Fisher), 
Lacey carbon grids (200 mesh, EMS) were glow discharged at 30 mA for 30 
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seconds prior to use. Nucleosome arrays were first equilibrated in a dilute 
buffer (20 mM Tris-OAc, pH 7.5, 0.1 mM EGTA) at a concentration of 1 µM. 
They were then mixed 1:1 with buffer containing 40 mM Tris-OAc, 150 mM 
KOAc, 2 mM Mg(OAc)2, and 0.2 mM EGTA to induce phase separation. The 
droplets formed instantly and solutions were transferred to grids within 10 
minutes. Blotting was conducted at 4 °C and 100% humidity. 3 µL of chro-
matin solution was applied to the grids, blotted with force 0 for 3.5 seconds, 
and plunge frozen in liquid ethane, yielding samples with 60 nm to 120 nm 
thickness. 

For single-side blotting, we used an in-house manual plunge freezer. 
The sample and grids were prepared as described above, with chromatin 
droplets added to the frontside of the grid. The grid was blotted with filter 
paper from the backside for 3.5 seconds and then plunge-frozen in liquid 
ethane. 

Self-wicking method 

Utilizing the Chameleon system (SPT Labtech) for the self-wicking 
method, nucleosome arrays were pre-equilibrated in a dilute buffer (20 mM 
Tris-OAc, pH 7.5, 0.1 mM EGTA) at 0.5 µM concentration, mixed 1:1 with 
buffer containing 40 mM Tris-OAc, 200 mM KOAc, 2 mM Mg(OAc)2, 0.2 
mM EGTA to induce phase separation. Within 10 minutes, 5 µl of the phase-
separated chromatin solution was applied to self-wicking grids, which had 
been glow discharged at 12 mA for 20 seconds using the internal glow dis-
charger. A strip of liquid was sprayed onto the grid, allowed to wick for 120 
milliseconds before plunge freezing, yielding samples with 80 nm to 160 nm 
thickness.  

Waffle method 

Prior to sample preparation, planchets for the high-pressure freezer 
were pre-treated with 0.05% lecithin and Quantifoil carbon 200 mesh EM 
grids (Quantifoil) were glow discharged at 15 mA for 30 seconds. Lecithin 
treatment proved less contamination than other solvents (e.g. hexadecane) 
in affording flat vitreous ice surfaces of the slab following freezing. For chro-
matin condensates, the nucleosome arrays were pre-equilibrated in a dilute 
buffer at 6 µM concentration, then mixed with buffer containing 40 mM 
Tris-OAc, 200 mM KOAc, 2 mM Mg(OAc)2, 10% glycerol, 0.2 mM EGTA to 
induce phase separation. After placing the first planchet on the HPF tip 
holder, the EM grid was placed on the planchet with the back side facing 
up, 4 µL of the phase separated chromatin sample was applied (within 10 
minutes of inducing phase separation) to the EM grid, and allowed to sit for 
30 seconds before assembly of the HPF tip holder. Settling time was an im-
portant optimization parameter to ensure a sufficient density of conden-
sates near the vitreous ice surface to afford efficient targeting during subse-
quent FIB milling. The sample-loaded grids were inserted into a Wohlwend 
HPF Compact 03 machine, where rapid freezing was conducted at 2050 bar 
using liquid nitrogen at -196°C. Following freezing, the grids were disas-
sembled from the HPF tip and stored in liquid nitrogen until required for 
cryo-fluorescent imaging. For the purified nuclei, the sample was frozen us-
ing the same procedure as the reconstituted chromatin. 

Plunge freezing of NIH3T3 cells 

NIH-3T3 cells (ATCC CRL-1658) were maintained at 37 °C, 5% CO2 in 
DMEM (Gibco 11995073). Approximately 1.25x105 trypsinized cells were 
seeded onto glow-discharged EM grids (carbon-coated Quantifoil R1/4 
Au200-C) and allowed to adhere for 2 hours at 37 °C, 5% CO2. Cells were 
treated with 100 nM jasplakinolide for two hours. Grids were manually blot-
ted with Whatman filter paper #1and plunged in liquid ethane/propane 
(50:50, AirGas) using a custom-built plunging and vitrification device (Max 
Planck Institute for Biochemistry, Munich). 

 
Correlative Cryo-Light and Electron Microscopy (CLEM) for Con-
densate Samples 

Chromatin droplet cryo-grids were examined using a Leica cryo-thun-
der CLEM system equipped with a 50x/dry objective (NA=0.9). For fluores-
cence detection, TXR filter cubes (emission wavelength: 592-668 nm) were 
utilized. The fluorescence intensity manager was set to 100% with an expo-
sure duration of 600 ms. To comprehensively image the entire grid, an 8x8 
tile array encompassing a z-stack of 10-20 μm with a 0.5 μm step increment 
was assembled using Leica LAS X software. These z-stack montages were 
then processed into 2D CLEM images via maximum intensity projection, 
facilitating subsequent correlation with cryo-FIB milling processes. 

 
FIB-milling 

HPF samples (Reconstituted chromatin and purified nuclei) 

Grids were loaded onto a pre-tilted shuttle (45° or 35°), then transferred 
into an Aquilos 2 cryoFIB-SEM (Thermo Fisher Scientific). The stage tem-
perature was maintained below –180 °C. A grid overview SEM image was 
taken at 2 kV, 13 pA, then an image of the grid center was acquired with a 
higher voltage (5-20 kV, 13 pA) to visualize the center landmark of the grid. 
A CLEM image was imported to Maps (v.3.16-3.25) and then aligned to the 
SEM image by using the center landmark shape of the grid. Squares with 
abundant fluorescent droplets were picked and subregions with dense drop-
lets were targeted during the milling. The grids were sputter coated with 
platinum (30 mA, 10 Pa, 15s) then an organometallic platinum layer was 
deposited by a gas injection system for 2.5-3 min at a stage tilt (35° or 45° 
for either a 35° or 45° pre-tilt shuttle). 

Trench lamellae were milled following the Waffle method protocol(36, 
72) with a beam current of 7-15 nA at 30 kV. Next, a secondary organome-
tallic platinum GIS layer was deposited for 2.5-3 minutes, and an updated 
SEM image was taken to highlight the locations of the trenches in the Map 
software. AutoTEM (v.2.0-2.3, ThermoFisher Scientific) was used to eucen-
trically align the selected trench/lamella sites. Following alignment, the un-
derside of the trenches was manually milled using a 3-5 nA ion beam cur-
rent at three incrementally decreasing angles; 40°, 30°, 20°. SEM images 
were taken to inspect and monitor the lamella to avoid double layers. At the 
20° milling angle, a notch pattern(36) was milled using a beam current of 
0.3-0.5 nA for 2.5 minutes. AutoTEM was then used to automate the milling 
at each lamella site, aiming for a final thickness of 180-300 nm at a 20° mill-
ing angle. The lamella width was set to 12 µm to balance the stability and 
size of the lamella. The FIB-milling parameters were  the same as in in Kel-
ley et al(36), where they are described in detail.  

After AutoTEM milling, the lamellae were manually polished to ~100-
150 nm, utilizing stage over-tilts of +0.5° (20.5°) and –0.2° (19.8°) from the 
original milling angle (20°). A rectangle pattern or cleaning cross section 
(CCS) was used to polish the lamella at 10-50 pA beam current. Lastly, the 
stage was returned to the original milling angle of 20° for a final polish. For 
AutoTEM versions 2.0 and 2.1, the step of polishing 2 was skipped and the 
lamellae were manually polished with a rectangular pattern at beam cur-
rents of 10-30 pA to obtain the desired thickness. We note that lamella 
thickness < 150 nm was essential to achieving high quality cryoET data that 
were sufficient for accurate template matching subsequently. 

Plunge frozen samples (intact NIH3T3 cells) 

Grids were milled using an Aquilos 2 cryoFIB-SEM (Thermo Fisher Sci-
entific) using a combination of automated milling (AutoTEM) and manual 
polishing with 10 pA. Briefly, milling progressed from rough to fine milling 
using currents at 500, 300, 100, 50, 30 and 10 pA aiming for  a nominal la-
mella thickness of 150 nm. Lamella were polished at 10 pA with 0.5° overtilt 
for approximately two minutes to remove thicker material from the back of 
the lamella. 

 
Cryo-ET Data Acquisition 

Blotting and Self-wicking Samples 

Data acquisition for samples prepared by blotting and self-wicking was 
carried out using a Titan Krios G1 (Thermo Fisher Scientific) equipped with 
a K3 camera (Gatan, Inc) operating at 300 kV. Tilt series were captured 
ranging from -60° to +60°, with a 3-degree increment per tilt. Images were 
recorded at a pixel size of 0.206 nm at the specimen level. A Volta phase 
plate was employed, and the defocus was set to -0.5 µm. To minimize radi-
ation damage, the total electron dose was limited to 150 electrons/Å². 

Condensate lamellae samples and purified nuclei 

For condensate lamellae, data acquisition was conducted using a Titan 
Krios G3 (Thermo Fisher Scientific) featuring a cold-field emission gun, a 
Selectris X imaging filter, and a Falcon 4i camera. Tilt series ranged from -
48° to +60° with a 2-degree increment per tilt. Each image was captured at 
a physical pixel size of 0.1516 nm at the specimen level. The defocus ranged 
between -3 µm and -4.5 µm, with a total electron dose capped at 178 elec-
trons/Å². 
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Cellular samples 

Milled grids were imaged on a Titan Krios G3 microscope (Thermo 
Fisher Scientific) operated at 300 keV equipped with a K3 detector and 
1067HD BioContinuum energy filter (Gatan) with 15 eV slit-width. Dose-
fractionated images were acquired using SerialEM(73). Dose-symmetric tilt 
series were acquired in low dose mode using the parallel cryo-electron to-
mography (PACEtomo) scheme(74) with 3° increments and +/- 54° tilt 
range from a 6-12° lamella pre-tilt. A total dose of approximately 140 e/Å2 
at 1.34 Å/pixel and 4 µm nominal defocus was used (Supplementary Data 
Table 1). 

 
Tilt-series Processing and Alignment 

The acquired movie frames underwent gain correction, motion correc-
tion and Contrast Transfer Function (CTF) estimation using Warp(47). Sub-
sequent tilt series creation and alignment were performed in AreTomo(75). 
These alignments facilitated further processing in Warp to reconstruct 
tomograms at 8 Å/pixel. Additionally, two half-sets tomograms were con-
structed to enable denoising. 

 
Tomogram denoising and segmentation 

Initially, the two half-sets of tomograms along with their respective 
CTF models were used to train a denoising model in Warp, undergoing 
40,000 iterations. This process significantly enhanced the contrast of the 
tomograms. Subsequently, the denoised tomograms were processed 
through IsoNet for an additional round of missing-wedge restoration and 
further denoising. The models were specifically retrained for each dataset 
to ensure optimal performance. 

For segmentation, a small section of the tomogram measuring 
256x256x304 voxels was manually annotated to identify nucleosome-con-
taining voxels, which served as the training set for DeepFinder. Following 
training of the neural network, the full tomograms were segmented to iden-
tify voxels representing nucleosomes. 

The centroid of each particle was then determined using MeanShift, 
which clustered the segmented maps within a window size of 4.5 pixels. To 
avoid artifacts from the gallium ions used in the milling process(76), cen-
troids located less than 20 nm from the FIB-milled surface were removed 
from the dataset. Due to imperfections in the segmentation, regions with a 
noisy background outside of the condensate sometimes were also picked. 
We used an intensity threshold to remove such false positive particles. 

For native chromatin we used WARP/IsoNet to denoise the tomo-
grams, and DeepFinder/MeanShift to segment the images for nucleosomes 
as above.  Then we used IMOD to manually delineate regions with a high 
density of nucleosomes, and only these were used for downstream analysis. 
To annotate nuclear envelopes, segmentation was performed in IMOD and 
a custom script was used to generate a binary mask. Ribosome positions and 
orientations were sequentially determined using Napari(77) and CATM, re-
spectively. 

 
Context-aware template matching (CATM) 

To enhance molecular assignment within crowded condensates, we de-
veloped a context-aware template matching (CATM) procedure. Following 
deep learning-based particle identification, CATM performs local template 
matching and clash resolution to accurately determine molecular positions 
and orientations. For clarity, in the description below we use the following 
terms: “particle” for a generic object placed at a position in the map, 
“model” for the low resolution filtered structure or experimentally deter-
mined structure, “template” for a model rotated to a particular orientation 
(used in clash resolution), and “reference” for the image of the template dis-
torted according to missing wedge and CTF effects (used in CCC calcula-
tion). 

Template generation 

In the CATM pipeline, tomograms reconstructed in Warp through back 
projection were low-pass filtered with Gaussian filter at 25 Å using 
EMAN2(78), and a corresponding CTF model for each tomogram was gen-
erated. An initial nucleosome model was generated by low-pass filtering a 
nucleosome structure (pdb 6pwe) to 25 Å resolution with 8 Å/pixel to match 
the experimental data. The model was subsequently replaced with an ex-
perimental structure determined by subtomogram averaging to achieve bet-
ter fitting for all the results reported here. Missing wedge and CTF artifacts 

severely distort the nucleosome structure in tomograms (Fig. 3c, S3). It was 
essential to properly account for these distortions during template match-
ing, so that the references better represented the real data. We took two 
steps in this regard. First, the nucleosome model was applied to the 3D CTF 
model generated from Warp to assess the distortion and choose the contour 
level of the distorted template to minimize the artifacts. In addition, for a 
given nucleosome model we created a library of templates representing dif-
ferent orientations of the nucleosome, uniformly sampled in 3D space. Each 
template was then appropriately corrected for the missing wedge effect and 
CTF modulation to produce a library of references for use in CCC calcula-
tions during template matching as described below.  

Local template matching 

Coordinates derived from the segmentation phase were used to extract 
subtomograms. For each subtomogram, the program iterates through the 
library of reference images representing different orientations of the model, 
calculating CCC for each to the raw tomogram via fast Fourier transfor-
mation, similar to methodology implemented in PyTom. In this procedure, 
particle centers of mass are scanned through all voxels within a 4-voxel ra-
dius of the centroids identified in the segmentation phase. At each voxel, 
CCC was calculated for the library of references, based on an internal mask 
created by binarizing the template and extending it for three voxels in each 
dimension. References with CCCs greater than a cutoff (typically 0.3) were 
saved for each candidate voxel to facilitate clash resolution (see below). 
Each subtomogram is considered a particle in the class resolution proce-
dures below, and references (and their corresponding templates) were 
ranked by their CCCs in descending order. 

Clash resolution 

Following template matching, the list of particles was ranked by their 
maximum CCCs, and  then mapped back to the tomogram sequentially 
starting with the template whose reference afforded the highest CCC for the 
particle. In cases where a clash occurred during new particle placement, the 
other templates for the new particle (corresponding to references with CCC 
values less than the maximum) were then used to resolve the clash. If the 
clash could be resolved by another template, the two templates were then 
saved in an assigned list and mapped to an assigned map. Otherwise, a 
mechanism was employed to resolve the clash that began by retrieving the 
nearest neighbors of the pair among the currently mapped particles. The 
densities of the nearest neighbors were then erased from the assigned map, 
and a subregion of the assigned map (80 voxels) was subtracted from the 
assigned map to accelerate template optimization. Within this dense envi-
ronment, all possible combinations of templates corresponding to both par-
ticles were sampled to find a clash-free solution whose references afforded 
the highest combined CCC value. If a clash could not be resolved—typically 
due to false positives in segmentation—the particle with the highest CCC 
value was retained. The process of particle placement and clash resolution 
continued until all particles identified by segmentation had been accounted 
for. Note that in addition to placing particles in order of CCC values, we also 
examined random ordering or spatially defined ordering. Both of these al-
ternatives yielded less random nucleosome orientation distributions than 
the CCC-based procedure, indicating poorer performance. 

The process concluded with the generation of various electron micros-
copy (EM) format coordinate files, alongside an assigned particles tomo-
gram file, documenting the final particle placements and orientations. 

 
Benchmarking of Template Matching Algorithms 

To evaluate the efficacy of various template matching algorithms, we 
employed cryotomosim(39) to simulate tomograms, using a nucleosome 
structure (PDB 6pwe) low-pass filtered to 25 Å. This structure was ran-
domly rotated and embedded in a 3D volume alongside DNA fragments of 
25 base pairs, equivalent in number to the nucleosomes, to mimic the envi-
ronment of experimental tomograms. Vitrified ice simulated effects were 
added, and tilt series were created under specific conditions(39): 300 keV 
voltage, spherical aberration of 2.7, sigma of 0.9, defocus of -4 µm, total dose 
of 150 electrons/Å2, symmetric tilt pattern, pixel size of 8 Å, and a tilt range 
from -60° to 48° with 2° increments. Subsequent tomograms were recon-
structed for analysis. 

A soft mask with two voxels of extension beyond the density of the nu-
cleosome template, plus two voxels of soft edge decay was created in Relion 
and systematically used across all tested software. 
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Standard Template Matching (TM) Algorithm 

Reference images corresponding to templates at various angles, and dis-
torted with missing wedge effects, were matched against the tomogram us-
ing the same cross-correlation function as employed in CATM. The highest 
CCC value and its corresponding orientation for each voxel in the tomo-
gram were recorded. Particles were ranked based on CCCs and filtered to 
remove those within 5 voxels (4 nm) of each other. Remaining templates 
were mapped back to the tomogram, removing any that clashed (defined by 
two templates occupying the same voxel in the tomogram). Various CCC 
cut-offs were used to define particle sets, which were then used to calculate 
metrics for the benchmark, including precision, recall and F1 score (defined 
below) by comparison to the ground truth, and angular distribution. 

Context-Aware Template Matching (CATM) 

For CATM testing, neural network weights obtained from real data seg-
mentation with DeepFinder were used to segment the simulated data with-
out additional training. The segmented map provided centroids for particle 
identification, which were then used in CATM as described above. 

Template Matching in Pytom 

Version 0.971 of Pytom was applied to the same template and mask as 
TM and CATM. The sampling angular interval was set to 12.85°, and wedge 
correction was applied to the template. Other parameters were used at their 
default values. Templates were filtered by a 5-pixel distance cut-off in Py-
tom, and only non-clashing templates were saved for analysis. 

Performance metric calculation 

Performance was measured for each approach using mechanisms sim-
ilar to the Shrec 2019 cryoET Classification benchmark(43). For positional 
accuracy, a particle was considered a True Positive (TP) if its predicted cen-
troid was within 4 nm of the ground truth. For orientation accuracy, a vec-
tor perpendicular to the nucleosome plane was defined in the reference 
frame, and orientation was considered a TP if the angle between the pre-
dicted and ground truth vectors was < 30°. True Positives (TP) were defined 
as particles correctly assigned; False Positives (FP) as particles assigned by 
the program but not present in the ground truth; and False Negatives (FN) 
as ground truth particles not assigned by the program. Precision was calcu-
lated as TP/(TP+FP), recall as TP/(TP+FN) and the F1 score as the har-
monic mean of precision and recall. 

𝐹1 = 2 ∗ 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 ∗ 𝑅𝑒𝑐𝑎𝑙𝑙𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 + 𝑅𝑒𝑐𝑎𝑙𝑙 

 
Subtomogram averaging using Warp-Relion-M 

Following CATM, the coordinates and orientation data of the particles 
were used to reconstruct subtomograms at an 8 Å/pixel resolution in Warp. 
These subtomograms were subsequently averaged and assembled into an 
initial model, which was then low pass filtered to 40 Å and used as a refer-
ence for further refinement in Relion. Particle refinement involved 

enhancing precision iteratively while down sampling to 6 Å/pixel, 4 
Å/pixel, and finally 2 Å/pixel. This progressive refinement ensured in-
creased resolution and accuracy of the particle models. After completing the 
final refinement step, the particles were imported into M software(14) for 
further pose and contrast transfer function (CTF) refinement. This multi-
step process leverages the strengths of Warp for initial reconstruction and 
Relion for detailed refinement, culminating in M for final adjustments, thus 
optimizing the accuracy and resolution of the resulting structural models. 

For the reconstituted chromatin samples and isolated HeLa cell nuclei, 
averaging was performed for all assigned nucleosomes by CATM; none 
were discarded. For the NIH3T3 cells sample, the particles were then sepa-
rated into two different classes, one giving 12 Å resolution for 6470 particles, 
and a second giving 22 Å resolution for 6804. Resolution estimation was 
performed with Fourier shell correlation in Relion. 

 
Analysis of Vitrobot and Chameleon AWI 

The air-water interface (AWI) was manually defined for each tomo-
gram with control points using IMOD(79). These were used to create a 2D 
triangulation mesh using MATLAB and Dynamo scripts(41). For each nu-
cleosome particle, a distance and relative orientation to the AWI was calcu-
lated. The relative orientation was taken as the absolute value of the dot 
product between the surface normal of the closest AWI mesh face and a 
vector normal to the nucleosome face. To assess preferred orientation at the 
AWI, the orientation of nucleosomes within 20 nm of the AWI were as-
sessed relative to those further than 20 nm. Oriented nucleosomes were vis-
ualized at their native positions within the tomogram using ChimeraX(80) 
and the ArtiaX plug-in(81). 

 
Analysis of the nucleosome orientation distribution 

In our coordinate system the origin is set to the centroid of the reference 
nucleosome, which was approximated as having 2-fold symmetry about the 
dyad axis (i.e. composed of palindromic DNA); the Z-axis is perpendicular 
to the nucleosome plane, the X-axis extends from the centroid to the nucle-
osome dyad, and the Y-axis is orthogonal to the X-Z plane. For each nucle-
osome assigned by template matching we determined the angle between its 
Z-axis and the beam direction or the two beam-normal directions. Since the 
angle between a random vector and a plane follows a sinusoidal distribu-
tion,(82, 83) a random arrangement of nucleosomes will exhibit a similar 
sinusoidal distribution of these angles. 

 
Reconstruction of the condensate graph network 

To construct the nucleosome networks, particle coordinates were im-
ported using an in-house script, and the geometric graph network was re-
constructed using networkX(84). Each particle was treated as a node, and 
edges were assigned between nodes when the distance between nucleo-
somes was less than 12 nm. 
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