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ABSTRACT: 

Nuclear Matrix (NuMat) is the fraction of the eukaryotic nucleus insoluble to detergents and 

high-salt extractions that manifests as a pan-nuclear fiber-granule network. NuMat consists of 

ribonucleoprotein complexes, members of crucial nuclear functional modules, and DNA 

fragments. Although NuMat captures the organization of non-chromatin nuclear space, very little 

is known about component organization within NuMat. To understand the organization of 

NuMat components, we subfractionated it with increasing concentrations of the chaotrope 

Guanidinium Hydrochloride (GdnHCl) and analyzed the proteomic makeup of the fractions. We 

observe that the solubilization of proteins at different concentrations of GdnHCl is finite and 

independent of the broad biophysical properties of the protein sequences. Looking at the 

extraction pattern of the Nuclear Envelope and Nuclear Pore Complex, we surmise that this 

fractionation represents easily-solubilized/loosely-bound and difficultly-solubilized/tightly-

bound components of NuMat. Microscopic analyses of the localization of key NuMat proteins 

across sequential GdnHCl extractions of in situ NuMat further elaborate on the divergent 

extraction patterns. Furthermore, we solubilized NuMat in 8M GdnHCl and upon removal of 

GdnHCl through dialysis, en masse renaturation leads to RNA-dependent self-assembly of 

fibrous structures. The major proteome component of the self-assembled fibers comes from the 

difficultly-solubilized, tightly-bound component. This fractionation of the NuMat reveals 

different organizational levels within it which may reflect the structural and functional 

organization of nuclear architecture. 
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INTRODUCTION: 

The eukaryotic nucleus is a crowded milieu that accommodates, organizes, and regulates the 

genome – acting as the dynamic instructional repository of the cell (Misteli, 2005). To 

understand how the genome is managed, it is necessary to understand the architecture 

surrounding it. Biochemical investigations into the nuclear ultrastructure with different clearing 

buffers yielded different residual structures, allowing exploration of different aspects of the 

nuclear interior (reviewed in (Nelson et al., 1986)). Interestingly, extraction of nuclei with 0.4 M 

NaCl and 1.4 M NaCl leads to the solubilization of the chromatin. This reveals a granular-fibrous 

structure, stipulated at the time, to be made up of precursors of ribosomal subunits (Georgiev, 

1967; Georgiev and Chentsov, 1962; Smetana et al., 1963). Treatment of such preparations with 

DNases solubilize more material and make the underlying network better visible, albeit highly 

compacted (Shankar Narayan et al., 1967). Through electron microscopy, this fiber network was 

shown to be the skeleton of the nucleus and was termed the Nuclear Matrix (Berezney and 

Coffey, 1974; Zbarsky, 1998; Zbarsky and Perevoshchikova, 1948) shortened as NuMat 

(Kallappagoudar et al., 2010).  

NuMat is essentially the residual fraction after DNase I treatment and salt-detergent wash of 

nuclei, contains thousands of proteins (Engelke et al., 2014; Kallappagoudar et al., 2010; Sureka 

and Mishra, 2021), some of them complexing various kinds of nuclear RNAs (Nakagawa and 

Prasanth, 2011; Pathak et al., 2013; Zheng et al., 2010), and fragments of DNA that serve as 

attachment points for the chromatin to the matrix (Pathak et al., 2014). Using fluorescence 

microscopy and biochemical characterization, many crucial functions of the nucleus, such as 

transcription, replication, splicing, DNA repair, etc., have been shown to use NuMat as a 

substrate (Berezney et al., 1995; Cook et al., 1999; Hozák et al., 1993; Koehler and Hanawalt, 

1996; Zeitlin et al., 1987). A huge fraction of these components is also retained in an analogous 

structure derived from Mitotic chromosomes, termed Mitotic Chromosomal Scaffold, and is 

transmitted to the daughter cells (Adolph et al., 1977; Sureka et al., 2018).  

Despite the extensive biochemical characterization, proteomics, RNA/DNA sequencing, and 

microscopic studies of NuMat, we do not know the organization of these components within the 

NuMat fibers, the mechanism of their assembly, or if they represent true in vivo architecture in 

any way (Pederson, 2000). We consider three possibilities of NuMat organization: I) NuMat is 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 21, 2023. ; https://doi.org/10.1101/2023.01.28.525997doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.28.525997
http://creativecommons.org/licenses/by-nc-nd/4.0/


composed of different kinds of fibers, e.g., Motor protein fibers (Actin-myosin, Tubulin-Kinesin-

Dynein), Intermediate Filaments (Lamin, Spectrin), RNP fibers (nucleolar proteins, ribosomal 

subunits, hnRNPs) (He et al., 1990; Tan et al., 2000), supporting architectural proteins (Megator, 

Topoisomerase II, Cohesins, Condensins, NuMa), etc.; II) The nucleus is divided into 

membrane-less compartments without a uniform underlying network based solely on liquid-

liquid phase separation relationships of different protein-RNA complexes. The proteins may 

stick to their neighbours due to a sudden change in the environment as we remove the chromatin 

and other buffering agents during NuMat preparation, and form fibrous aggregates that are 

visible to us in form of NuMat; III) The fibers are aggregates of interchromatin RNPs forming 

channels for the transport of RNAs – which would form a random aggregate (Razin and 

Gromova, 1995). Either way, the dissection of NuMat fibers contains spatial information, either 

the structural core and the sticky-functional fraction forming the interface with the chromatin, or 

an ordered aggregate reflecting the spatial arrangement of biomolecules in subnuclear 

compartments. 

To dissect NuMat organization, we use a well-known chaotrope, Guanidinium Hydrochloride 

(GdnHCl), which interferes with both electrostatic and hydrophobic interactions of protein folds 

by forming solvation stacks (Lim et al., 2009; Raskar et al., 2019), and hence, causes proteins to 

denature and solubilize better than most denaturants. We reasoned that GdnHCl would readily 

dissolve aggregates and loosely bound proteins, leaving behind the structural elements. We have 

performed a sequential extraction with increasing concentrations of GdnHCl, where the gross 

morphology of nuclei remains unperturbed. A fraction of NuMat protein content is solubilized in 

a finite time for each concentration of GdnHCl. Through proteomics of different GdnHCl 

fractions, we observe that NuMat proteins are differentially extracted irrespective of their 

biophysical properties. We also observe that the difficult-to-solubilize proteins have a propensity 

for RNA-dependent reassembly. Based on these observations, we posit that NuMat is a 

hierarchical structure capable of ultrastructural self-assembly, containing information about 

subnuclear organization and function. 
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RESULTS: 

NuMat captures the non-chromatin architecture of the eukaryotic nucleus. To further understand 

the organization of components within NuMat ultrastructure, differential solubilization and 

subfractionation is needed. However, any further subfractions of NuMat have not been 

characterized. The filamentous architecture of NuMat has been observed to be eliminated by 

proteases or Sodium Deoxycholate treatments (Agutter and Richardson, 1980), while treatment 

with RNAse causes the fibrous structures in the nuclear interior to collapse (Comings and Okada, 

1976; He et al., 1990). RNAse treatment also disrupts the overall chromatin organization 

(Barutcu et al., 2019; Nickerson et al., 1989). On the other hand, various salts/detergents  do not 

show any significant differential solubilization (Engelke et al., 2014). We need a gradual 

biochemical extraction method. Therefore, we attempted to extract our NuMat prep (Fig EV1) 

with two chaotropes, Urea and GdnHCl. While extraction with different concentrations of Urea 

shows no solubilization (Fig EV2 a), buffers with increasing concentrations of GdnHCl are able 

to partially solubilize NuMat (Fig EV2 b). We used 1M, 2M, 3M, and 4M concentrations of 

GdnHCl to test and optimize fractionation. We show that incubation with GdnHCl extraction 

buffer of a particular concentration is able to solubilize a distinct set of proteins at that 

concentration with no further extraction happening upon longer incubation (Fig EV3). This is a 

strong indication that NuMat fibers do not result from random clumping of non-chromatin 

proteins. The finite extraction at each concentration enabled us to extract NuMat preps within a 

sequential manner (experimental schematic in Fig 1 a, gel profile in Fig EV4). The sequential 

extraction of NuMat yielded 6 fractions, labelled with the respective GdnHCl concentration. As 

shown in Fig EV4, the sequential extraction fractionation shows interesting solubilization 

patterns. Some proteins are solubilized by low ionic strength GdnHCl buffers (1M, 2M) while 

others remain insoluble (P). Additionally, it appears that despite exhaustive extraction at each 

step, several proteins repeatedly appear across fractions. 

Proteomics of GdnHCl fractions of NuMat: 

To understand the GdnHCl solubility patterns of NuMat proteins, we performed proteomics on 

the GdnHCl extraction fractions of the NuMat (1M, 2M, 3M, 4M, 8M, P). Summing up all the 

proteins across different fractions, 908 proteins were identified (identification parameters in 

Supplementary Table 1, and identifications listed in Supplementary Table 2 sheet 1). Pairwise 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 21, 2023. ; https://doi.org/10.1101/2023.01.28.525997doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.28.525997
http://creativecommons.org/licenses/by-nc-nd/4.0/


comparison of the protein lists of fractions shows that there is a significantly higher overlap 

between the proteins that are extracted at proximal concentrations (e.g., 1M and 2M) and a 

smaller overlap at distant concentrations (e.g., 1M and 8M), implying that the extraction is 

gradual (Fig 1 b, Supplementary Table 2 sheet 2). We consider the proteins solubilized with low 

ionic concentration GdnHCl buffers (1M-2M) as easily-solubilized and the proteins only 

solubilized with 8M GdnHCl or not solubilized even by 8M GdnHCl (8M-P) as difficultly 

solubilized. 

The sets 1M-2M and 8M-P have large numbers of unique proteins while the set 3M-4M does 

not, e.g., 1M-2M: 1M (55), 2M (46), 1M � 2M (46), and 8M-P: 8M (153), P (57) 8M � P (88) 

(Fig EV5, Supplementary Table 3). The Principle Component Analysis (PCA) of the quantitative 

proteome profiles of all replicates of all 6 fractions shows that the proteome intensity profile of 

the replicates of individual fractions are similar, and the fractions are distinct from each other. 

Also, a bigger divergence is seen between easily-solubilized and difficultly-solubilized proteins 

(Fig 1 c, PCA input data in Supplementary Table 4). We compared the quantitative profiles of 

the GdnHCl fractions by doing clustering analysis on differentially enriched proteins (p<0.001) 

with a high fold change (>25log2), red indicating a heavily enriched protein and blue indicating a 

heavily depleted protein (Fig 1 d). The heavily differentially enriched proteins make up ~16.5% 

of the total proteins detected (150 out of 908) (Supplementary Table 5 sheet 1). Two major 

clusters of heavily enriched proteins emerge in this analysis, which represent classes of proteins 

that are extremely easy to solubilize (1M-2M) and proteins that are extremely difficult to 

solubilize (8M-P) (Fig 1 c). We reason that the differential solubility of these proteins is because 

of their broad biophysical affinity to a particular GdnHCl concentration. This could be due to 

biophysical properties intrinsic to their amino acid sequence or due to extrinsic factors like 

macromolecular interactions or post-translational modifications – dictating the manner of their 

spatial organization or packing in NuMat. However, we observe that the protein sets belonging to 

different extraction fractions do not show any significant enrichment in biophysical properties 

intrinsic to the amino acid sequences, e.g., molecular weight, isoelectric point, intrinsic disorder, 

and percentage non-polar amino acids (Fig EV6, Supplementary Table 6). 

Since the extractions are finite (Fig EV3), and yet the same proteins are extracted in multiple 

fractions, we surmise that there are multiple biophysical subpopulations of the same protein, 
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leading to their differential extraction or solubilization. This becomes evident looking at 

ubiquitously-solubilized proteins. Comparing qualitative profiles of all fractions together, we 

observe that 132 proteins are common in all fractions (Fig EV5). In terms of LFQ too, a 

significant number of proteins (~11.3%, 103 out of 908) are ubiquitous or display very low fold 

change (<2), which is statistically insignificant (p>0.05) (Supplementary Table 5 sheet 2). In 

addition, a large number of proteins show extraction enrichment in different extraction 

concentration ranges (say 1M and 8M). Such extraction patterns could be considered spurious if 

they were seen to happen with one or two outliers. However, a large number of proteins show 

bimodal or multimodal extractions, which implies that the individual proteins have multiple 

biophysical subpopulations due to modifications or interactions with other moieties.  

GdnHCl extraction of in situ NuMat preparation: 

NuMat prepared from purified Drosophila nuclei is very sticky and does not lend well to 

confocal microscopy. We prepared in situ NuMat from intact uncrosslinked fly embryos with a 

slightly modified protocol (Pathak et al., 2022a, 2022b). This method also uses salt extraction 

and DNase treatment to remove chromatin and chromatin-associated proteins from uncrosslinked 

nuclei, and hence replicates the biochemistry of NuMat in a microscopy-friendly manner (Pathak 

et al., 2022b). We extracted the in situ NuMats with GdnHCl extraction buffers in a sequential 

manner and found that the extracted embryo cage remains stable till 3M GdnHCl extraction and 

can be used to assess and further understand the GdnHCl extraction patterns of NuMat proteins. 

We looked at the extraction pattern of easy-to-solubilize proteins (Heterochromatin Protein 1 a 

(HP1a), Polycomb (Pc)), difficult-to-solubilize proteins (Megator/Tpr and RNA Pol II subunit 

215 (RNAP2)), and ubiquitously-solubilized proteins (Lamin Dm0 (Lam), Fibrillarin (Fib), 

GAGA-associated factor (GAF)/Trl) in the uncrosslinked in situ NuMats obtained after each 

extraction step. Based on the distribution of these proteins in nuclear space, the extraction trends 

observed here are similar to those observed in extraction fraction proteomics (Fig 2). The spatial 

visualization of the extraction steps supplies additional information. Hp1 and Pc remain only in a 

few foci upon NuMat preparation and are extracted mostly in low GdnHCl (1M/2M) extractions 

(Fig 2 a, and b). GAF is extracted in a gradual manner (Fig 2 c). Megator and Lamin have 

primarily peripheral localization and they hold their place even after 3M GdnHCl extraction (Fig 

2 d, and g, Fig EV7). The nucleolar foci of Fibrillarin remain strong through NuMat preparation 
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and 1M GdnHCl extraction but their morphology starts to change as we go to higher 

concentrations (Fig 2 e). RNAP2, remains tightly bound (Fig 2 f). The LFQ intensity data for 

these particular proteins is shown in a line diagram (Fig EV8).  

Fibrillarin and HP1 have very different behaviors as HP1 is extracted with the NuMat 

preparation from nuclei and in low-concentration GdnHCl washes while subpopulations of 

Fibrillarin get extracted at all GdnHCl concentrations. But both proteins are highly segregated 

scaffold proteins, building compact liquid-like environments in their respective compartments by 

multivalent interactions and association with nucleic acids (Keenen et al., 2021; Lafontaine, 

2019). In general, it is worth looking at how these differentially extracted subpopulations of 

proteins form complex compartments, that get differentially extracted in such a starkly distinct 

manner (as seen in Fig 2 a, and e). While much is known about the roles of both GAF and 

RNAP2 in a regulatory and mechanistic sense, their dynamics in the subnuclear space needs 

further exploration. However, both proteins appear to constitute a dense distribution of foci 

across the nuclear interior (Fig 2 c, and f). The differential extraction data suggests that while 

GAF is a protein with many extraction modalities, RNAP2 remains unextracted. These 

observations elaborate that different proteins might be showing particular extraction patterns due 

to their biophysical status and their engagement with various subnuclear compartments. This also 

establishes in situ NuMat as a good platform for further biochemical and genetic investigations 

of solubility patterns of individual proteins. 

Renaturation of GdnHCl solubilized NuMat proteins: 

Homotypic or heterotypic self-association among nuclear proteins is crucial for compartment 

formation in nuclei. While recent developments in the study of biomolecular condensates 

provide valuable tools to look at self-association among soluble proteins, similar studies are 

difficult to do for insoluble endogenous proteins. To assess if NuMat proteins have any 

propensity for self-assembled ultrastructure formation, we dissolved the whole NuMat in 8M 

GdnHCl solution and cleared the undissolved fraction of debris (experimental schematic in Fig 3 

a). The supernatant does not have any complex structure (Fig 3 b). Upon GdnHCl removal 

through dialysis, imaging the resultant sample with a transmission electron microscope shows 

the formation of networks of fibers (Fig 3 c). This shows that NuMat proteins can self-assemble 

into higher-order ultrastructures.  The renatured fibers do not collapse when centrifuged at 
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21000xg (Fig EV9 a, and b). These fibers also form if GdnHCl concentration is reduced through 

dilution, also diluting the protein content drastically and therefore, are not dependent on protein 

concentrations (Fig EV9 c). Treatment of renatured NuMat with RNAse leads to the absence of 

fibers (Fig 3 d). We also prepared NuMat with RNAse treatment alongside DNase treatment. The 

renaturation of proteins from this prep also leads to many proteins becoming insoluble but they 

do not form fibers (Fig 3 e), implying that nuclear RNA is an important driver of the 

ultrastructure forming self-assembly of NuMat proteins.  

The phenomenon of fiber formation by self-association is not observed in the renaturation of 

BSA or nuclear proteins extracted during NuMat preparation at DNase I digestion step, and salt 

extraction step. This implies that not all sets of proteins can assemble through homotypic or 

heterotypic self-association. Thus, NuMat consists of proteins that have the propensity to be 

assembled in this manner (Fig EV10 a, b, and c). To further understand the relationship of 

protein solubility with the propensity for reassembly through renaturation, we dialyzed out 

GdnHCl from the extraction fractions. The presence of renatured fibers was seen only in the 8M 

fraction (Fig 4). Thus, the RNA-dependent homotypic or heterotypic self-association of difficult-

to-solubilize NuMat proteins results in the formation of these fibers. Furthermore, it is likely that 

these findings would apply to the completely insoluble fraction (P) (Fig 1) obtained through 

sequential extraction, left out in the renaturation experiments because of its insolubility.   

Proteomics of renatured fraction: 

To understand further the nature of the NuMat proteins renaturing through self-association, we 

pelleted down the renatured fibers from the dialyzed suspension and performed proteomics on 

them. Principal Component Analysis of this dataset with extraction fractions and non-fiber 

forming fractions (DNase I digestion fraction and Salt Extraction fraction) shows that this set of 

proteins is very distinct from non-fiber forming fractions (Fig 5 a). Comparison of fiber-forming 

renaturation fraction with non-fiber forming fractions yields a cluster of 198 proteins – with 

statistically significant and high fold change enrichment in renaturation fraction (Fig 5 b, and c) 

(Supplementary Table 7 sheet 1), which we consider as core renaturation components. These 

factors are enriched in GO terms related to histone modification, transcription, and chromosome 

organization (Fig 5 d, Supplementary Table 8 sheet 1). When comparing this cluster with 

individual extraction fractions, we find that the largest overlap is with the 8M fraction, agreeing 
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with the observations from fraction-wise renaturation (Fig 4 e, Fig 5 e, Supplementary Table 7, 

sheet 2). Here, we see that the renaturation overlap proteins only present in 8M and absent in 

other extraction fractions are GO enriched with terms related to transcription regulation, and 

chromosome organization (Fig EV11 a, Supplementary Table 8 sheet 2). In contrast, renaturation 

overlap proteins common in all fractions are enriched in terms related to translation and 

ribosomal biogenesis (Fig EV11 b, Supplementary Table 8 sheet 2). The abundance of RNA-

binding proteins in renaturing factors reasserts the importance of RNA in bringing large 

complexes together and setting a structural framework. This explains why the reassembly 

collapses when RNA is eliminated (Fig 3 d).   
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DISCUSSION: 

NuMat is the insoluble component of the eukaryotic cell nucleus, resistant to dissolution upon 

DNase I and salt-detergent treatment, and retains the spatial organization of the nucleus 

(Berezney and Coffey, 1974). In absence of characterized subfractions of NuMat, we establish 

GdnHCl-based stepwise extraction as a method to gradually and exhaustively solubilize NuMat 

proteins. 

Several investigations on the whole cell proteome have identified highly insoluble proteins in 

mammalian cells. A small fraction of proteins change their solubility status upon binding ATP 

and RNA – and are implicated in the formation of condensate scaffolds through PTMs and 

signalling (Sridharan et al., 2019, 2022). However, a large number of insoluble proteins do not 

change their solubility status. Using stepwise extraction with different concentrations of GdnHCl 

provides a way to further dissect and analyze the difficult-to-solubilize proteome (Mateus et al., 

2021) – which we do here for the nuclear non-chromatin insoluble fraction, i.e., NuMat. Given 

the recent emergence of observations showing semi-solid and solid condensates in the subnuclear 

space, the solubility profile of NuMat can be utilized to further understand the structural basis of 

nuclear compartmentalization. 

While both GdnHCl and Urea are chaotropes able to unfold the proteins, GdnHCl can shield 

ionic interactions due to its charge (Biswas et al., 2018). Therefore, the observation that different 

concentrations of GdnHCl but not of Urea can solubilize proteins from NuMat indicates that the 

association of the solubilized protein with the undissolved substratum is ionic (Fig EV2 a, and 

b). To check if the partial solubilization of NuMat is due to the saturation of the extraction buffer 

with proteins, we analyze the pattern of protein solubilization with multiple sequential 

extractions of NuMat at the same concentration of GdnHCl. We observe that all GdnHCl 

extraction concentrations solubilize a finite amount of protein in a finite amount of time, with 

negligible proteinaceous material leeching upon further extraction (Fig EV3). Thus, individual 

extraction fractions performed in a sequential manner can be considered distinct from each other 

(Fig 1 c). The reproducible proteomic profile of GdnHCl-based sequential extraction fractions of 

NuMat leads us to reason that the sequential solubilization of NuMat proteins is not random and 

is due to their biophysical propensity to be solubilized at a particular concentration and detach 

from the undissolved substratum in NuMat (Fig 1 c). This could either be due to biophysical 
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properties intrinsic to the proteins’ amino acid sequence or the creation of various biophysical 

subspecies through PTMs and heterotypic or homotypic macromolecular interactions. Upon 

analysis of the proteomic profiles of GdnHCl extractions fractions, we find that the broad 

biophysical properties of proteins intrinsic to their amino acid sequences that could affect the 

solubilization behavior pattern of proteins, or where an extraction bias would be reflected, are 

uniformly distributed across the GdnHCl extraction fractions (Fig EV6). Therefore, a protein’s 

differential strength of association with the undissolved substratum depends on PTM 

modifications and macromolecular interactions. The scaffold formation ability of proteins 

through polymerization or phase separation and their spatial organization has been observed to 

be modulated by PTMs in the case of Hp1 and Lamin, among others (Naetar et al., 2021; 

Williams et al., 2020). 

Depending on the environment of the protein in various nuclear subcompartments, the 

organization of the biophysical subspecies of a protein in the subnuclear space extrinsically shifts 

the protein’s propensity towards being easily solubilized, difficultly solubilized or being 

subdivided into different subpopulations with different solubilities i.e., ubiquitously-solubilized. 

Thus, sequential extraction with increasing GdnHCl concentrations clears off loosely bound and 

accessible material, leaving behind tightly packaged proteins. This is clearly observed in the case 

of relatively well-characterized complexes like Nuclear Lamina and Nuclear Pore Complex 

(Maimon et al., 2012; Sapra et al., 2020). In the case of the Lamina, the core structural protein 

Lamin is present in all fractions but, as seen in the microscopy images (Fig 2, Fig EV7), the 

retention of the peripheral Lamin mesh is very prominent. This is possibly due to multiple 

subpopulations of Lamin, some engaged in forming the peripheral mesh, others interacting with 

various complexes across the nuclear space (Naetar et al., 2021; Parnaik, 2008). Other Nuclear 

Lamina proteins Man1 and LBR have previously been observed to be unsolubilized by 4M Urea 

(Dreger et al., 2001) and 8M Urea (Lin et al., 2000). We observe that Man1 is indeed difficult to 

solubilize (exclusive to 8M). In contrast, Hp1 and LBR are easier to solubilize (depleted in 8M-

P), as they anchor membrane and chromatin onto the Lamina (Makatsori et al., 2004). In the case 

of the Nuclear Pore Complex, the members of the tightly packed pore (membrane anchors 

(NDC1, Gp210), inner ring complex (Nup93, Nup205, Nup154), outer ring complex (Nup107, 

Nup133, Nup160, Nup37, Nup44a, Nup75, but not Nup98-96 and sec13), and filamentous mesh 

on the nuclear side (Tpr or Megator) and cytoplasmic sides (Gle1, mbo, Nup358) are very 
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difficult to solubilize. In contrast, the pore interior proteins (Nup62, Nup58, Nup54) are readily 

solubilized and are strongly depleted in 8M/P. 

Using in situ NuMat preparation, we verify that the low-concentration extractions do not disrupt 

the nuclear shape as inferred from staining for Lamin, wherein a similar trend of extraction at 

1M, 2M, and 3M GdnHCl is seen for key NuMat proteins (Fig 2). Additionally, we see that 

while GAF and RNAP2 are organized in pan-nuclear foci, other NuMat proteins are specific to 

subnuclear domains, which agrees with the current understanding of nuclear sub-

compartmentalization (Zidovska, 2020). This aligns with the idea that the distribution of proteins 

in NuMat is a snapshot of their distribution in nuclei (Razin et al., 2014). Thus, we are capturing 

and dissecting the spatial organization of various nuclear substructures together and not the 

randomly clumped together interchromatin RNA transport channels (Razin and Gromova, 1995).  

Our observations suggest that NuMat does not behave like a random aggregate in which proteins 

would have different solubility profiles in different NuMat preps. It also does not behave like a 

canonical polymeric activity-driven fibrous structure because the unsolubilized fraction retains 

several key organizational and functional factors (Tpr, Top1/2, SMC2/4, RpII140, RpII215, 

Prp8, etc.). In contrast, fibrous proteins like actin, emerin, myosin, etc., are easily solubilized. It 

is interesting that tubulins, some kinesin subunits, mini spindles, and α/β-spectrins, are 

sequestered in the nucleus and are enriched in the 8M/P fraction. These proteins have been 

implicated in fiber formation and the mechanobiology of nuclear positioning (Davidson et al., 

2020) but their possible fiber dynamics in the nuclear interior are yet to be understood.  

It should be noted that several recent studies have implicated RNA-protein interactions and 

subsequent condensate formation in the self-assembly of nuclear subcompartment scaffolds. 

These scaffolds have been seen to behave in liquid, solid, and semi-solid manners and cause the 

enrichment of different subspecies of subcompartment-associated markers (Lafontaine et al., 

2021; Musacchio, 2022). Therefore, we explored the possibility of the in vitro reassembly of 

NuMat components. To check if NuMat proteins can independently self-assemble, we dismantle 

the NuMat in 8M GdnHCl and ask if it can renature and form ultrastructural features if the 

chaotrope is removed by dialysis. As shown in Fig 3, NuMat proteins solubilized by 8M GdnHCl 

show a unique propensity to self-assemble into fibers. No reassembly is seen upon renaturing 

protein suspension of similar concentration consisting of chromatin-associated proteins extracted 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 21, 2023. ; https://doi.org/10.1101/2023.01.28.525997doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.28.525997
http://creativecommons.org/licenses/by-nc-nd/4.0/


in DNase I/salt fraction (obtained during NuMat preparation) (Fig EV10 a, and b). Upon 

comparing the proteome of the renatured NuMat fibers to the proteome of DNase I and salt 

extraction fractions, a cluster of proteins enriched in renatured fibers emerges (Fig 5 b, and c). 

We reason that these proteins are highly likely to be causative to fiber formation through 

heterotypic or homotypic association among themselves, mediated by RNA (Fig 3 c, and d). This 

further emphasizes the role of RNA in the architecture of the nuclear interior as claimed in old 

electron microscopic studies of NuMat fibers (He et al., 1990) and recent observation of key 

NuMat proteins (MATR3, NUMA, SAF-A) forming a subnuclear RNP network segregated from 

chromatin (Creamer et al., 2021).  

The renaturation of extraction fractions combined with the analysis of the overlap of the core 

renaturation components with extraction fractions shows that the difficult-to-solubilize 

subpopulations of endogenous nuclear proteins readily renature (Fig 4 e, and Fig 5 e). The 

component of renaturation factors that is unique to 8M extraction fraction is enriched in GO 

terms related to chromosome organization, histone modifiers and control of transcription (Fig 

EV11 a). In contrast, the more ubiquitously-solubilized protein component is enriched in GO 

terms associated with ribosomal subunit precursors and splicing (Fig EV11 b), showing 

functional divergence between the two subtypes. We speculate that the difficultly-solubilized 

proteins form domains with RNA acting as an indispensable building block of the pan-nuclear 

architectural framework. 

In summary, we strip NuMat down sequentially, based on the differential solubility of its 

constituents, dissecting the spatial organization of proteins in the non-chromatin nuclear 

organization. The NuMat proteins form a multi-layered organization through RNA-dependent 

mutual association. As we observe mosaicism in the protein components and the architectural 

importance of RNA in the reassembly of NuMat, we suggest that instead of canonical 

homopolymeric fibers, a non-canonical multicomponent assembly is involved in fibrous 

meshwork formation. Additionally, the solubility profile of this meshwork provides a proteome-

wide biophysical tool to examine the dynamics of insoluble endogenous nuclear proteins and the 

liquid/solid/semi-solid scaffolds in various nuclear substructures they engage with. Whether the 

heterogeneity inherently embedded in such a structure brings in the necessary functional 

multiplicity remains to be explored. The in situ NuMat preparation combined with Drosophila 
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genetics and cell biology approaches, will accelerate the exploration of key NuMat components 

outlined here in the ultrastructural context. 
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EXPERIMENTAL PROCEDURES: 

A: Preparation of NuMat from Drosophila melanogaster embryos: 

The protocol for the preparation of NuMat has previously been described in (Sureka and Mishra, 

2021) and used here with minor modifications, described as follows. 

Embryos from Canton S flies were collected overnight (16 h), and dechorionated in 50% bleach 

(i.e., 2% Sodium Hypochlorite). The dechorionated embryos were lysed in freshly prepared 

Nuclear Isolation Buffer I (NIB I: 10 mM Tris-Cl pH 7.4, 40 mM KCl, 1 mM EDTA, 0.1 mM 

EGTA, 0.25 mM Spermidine, 0.1 mM Spermine, 0.1 mM PMSF, 0.25 M Sucrose) with Potter-

Elvehjem-Type tissue grinders (6 down-strokes and 6 up-strokes). The homogenized lysate was 

filtered with Miracloth of pore size 22-25 µm and the filtered lysate was spun at 600g at 4°C for 

1 min to remove debris. The crude nuclear suspension supernatant thus obtained was layered 

over an equal volume of Nuclear Isolation Buffer II (NIB II: 10 mM Tris-Cl pH 7.4, 40 mM 

KCl, 1 mM EDTA, 0.1 mM EGTA, 0.25 mM Spermidine, 0.1 mM Spermine, 0.1 mM PMSF, 

1.8 M Sucrose) in an Oak Ridge style tube and spun at 6000g (4°C, 10 minutes). The pellet 

containing nuclei was washed thrice with NIB I at 1000g, 4°C for 10 minutes. The quality check 

for nuclear purity was done by microscopy (DAPI staining, and DIC) during the experiment and 

western blot (probed for Lamin Dm0 and HisH3) afterward; images of western blot are shown in 

Fig EV1 a. SEM images of purified nuclei are shown in EV1 b. 

Purified nuclei were stabilized in NIB I at 37°C for 20 minutes. At this step, we also lysed 2 µL 

of the nuclear suspension in 0.5% SDS and measured optical density units (ODU) at 260 nm to 

quantify nuclei in the suspension by quantifying total DNA. The stabilized nuclei were pelleted 

(at 1000g, 4°C for 10 minutes) and resuspended in DNase I digestion buffer (20 mM Tris-Cl pH 

7.4, 20 mM KCl, 70 mM NaCl, 10 mM MgCl2, 0.5% Triton X-100, µg/mL DNase I, 0.1 mM 

PMSF; DNase I added after resuspension). The suspension was incubated at 4°C for 1 hour. 

Nuclei were pelleted at 1000g at 4°C for 10 minutes. The pellet was resuspended in extraction 

buffer I (5 mM HEPES pH 7.4, 2 mM KCl, 2 mM EDTA, 0.25 mM Spermidine, 0.1 mM 

Spermine, 0.1 mM PMSF, 0.5% Triton X-100, 0.4 M NaCl) and in extraction buffer II (5 mM 

HEPES pH 7.4, 2 mM KCl, 2 mM EDTA, 0.25 mM Spermidine, 0.1 mM Spermine, 0.1 mM 

PMSF, 0.5% Triton X-100, 2 M NaCl) sequentially and rotated (10 rpm, RT for 10 minutes in 
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each case). The suspension was pelleted at 3000g for 15 minutes at RT. To keep track of 

quantity, NuMat preparation was resuspended in extraction buffer II (10 µL per ODU) and the 

total suspension was split into 500 µL or 50 ODU equivalents. These suspensions were spun 

down, washed twice in washing buffer (WB: 10 mM Tris-Cl pH 7.4, 20 mM KCl, 1 mM EDTA, 

0.25 mM Spermidine, 0.1 mM Spermine, 0.1 mM PMSF) and were stored at -30°C. A silver-

stained gel profile of NuMat proteins in contrast with an equivalent amount of nuclei, DNase I 

digestion supernatant, and salt extraction supernatant is shown in EV1 c. Retention of 

architectural protein Lamin Dm0 and removal of chromatin protein Histone H3 is shown in 

western blot in EV1 d. 

B: Subfractionation of NuMat with Guanidinium Hydrochloride (GdnHCl): 

NuMat was subfractionated by sequential extraction with GdnHCl extraction buffers (1M, 2M, 

3M, 4M, 8M) as per the experimental schematic shown in Fig 1 a. The experimental conditions 

mentioned in Fig 1 a were finalized through the standardization process described in 

Supplementary file 1. 

The NuMat aliquot (derived from 50 ODU nuclei) was resuspended in 200 µL 1M GdnHCl (in 

20 mM MOPS, pH 7.4), extracted for 2 hours at room temperature, and pelleted down (5000g at 

RT for 5 min). The supernatant was removed and saved for proteomics at -30°C. The pellet from 

the extraction was resuspended in 200 µL GdnHCl buffer of the next concentration for the next 

extraction. The sequential extraction process subfractionates the NuMat preparation in 6 parts: 

1M extract, 2M extract, 3M extract, 4M extract, 8M extract, and Pellet – encircled in red in Fig 1 

a.  

C: SDS-PAGE of GdnHCl fractions: 

To ensure a good SDS-PAGE run and proper size resolution, all the samples loaded on SDS-

PAGE have to have equal GdnHCl concentrations. For this purpose, 80 µL extracts from each 

GdnHCl fraction (20 ODU equivalent) were taken in separate tubes. A 20 µL mixture of 8M 

GdnHCl and Milli-Q water prepared in different proportions for individual fractions was added 

to the respective extracts to adjust the concentration to 3M. The 100 µL extracts thus obtained 

were boiled with 25 µL 5x laemmli buffer and loaded on the gel. The gel was run at 80 volts till 

the time the GdnHCl aggregate formed in the wells and the dye front entered the stacking gel. At 
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this point, the wells were flushed and the buffer in the gel compartment was changed. After this, 

the gel was run like a regular SDS-PAGE gel. 

D: Renaturation: 

The experimental schematic for renaturation is shown in Fig 3 a. The NuMat aliquot or the other 

preparations as specified in Fig 3 were dissolved in 200 µL 8M GdnHCl by vigorous vortexing. 

The solution was pre-cleared of debris by centrifugation at 21000g for 10 min at RT. The 

supernatant was dialyzed against 20 mM MOPS buffer (pH 7.4) overnight. A carbon-coated 

copper/nickel grid was dipped in the dialyzed renaturate and shaken lightly. The liquid was 

removed using a blotting sheet and the grid was stained with uranyl acetate. The samples were 

visualized in Jeol JEM-2100 (200 kV) or Thermo Fisher Talos L120C (120 kV) Transmission 

Electron Microscopes. For proteomics, the NuMat renaturate was spun down in a pellet and 

processed. 

E: Proteomics and Data Analysis: 

GdnHCl SDS-PAGE gels of the samples were Coomassie stained. Each lane was cut into three 

strips of higher, medium, and low molecular weight strips. Each strip was separately diced into 1 

mm3 pieces which were washed three times with wash buffer (25 mM NH4HCO3, 50% 

Acetonitrile). The pieces were dehydrated using 100% Acetonitrile and dried in a SpeedVac 

followed by 10 mM DTT treatment in 25 mM NH4HCO3 (45 minutes at 55°C). After this, the 

cubes were saturated with 55 mM Iodoacetamide (30 minutes at 37°C). The pieces were dried 

again with 100% Acetonitrile and subsequent SpeedVac. The dried pieces were wetted in 10 

ng/µL trypsin gold (Promega) in 25 mM NH4HCO3 and incubated at 37°C overnight (16 h). 

After 16 h, trypsin action was stopped and peptides were eluted with 2.5% TFA in 50% 

Acetonitrile in two sequential washes. The supernatant from both washes was collected in fresh 

tubes and dried with SpeedVac. The pellet was resuspended in 0.1% TFA and 2% Acetonitrile. 

This sample was desalted with Millipore p10 Ziptip C18. The elution buffer was evaporated 

using SpeedVac and the peptides were resuspended in 0.1% formic acid and 2% Acetonitrile.  

The spectra were collected on Thermo Scientific Q-Exactive HF on a 60-minute acetonitrile 

gradient and analyzed with MaxQuant (version 1.5.7.4) at default settings. Search parameters of 

this setting are provided in Supplementary Table 1. Proteins that had at least two unique peptides 
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and non-zero Label Free Quantitation (LFQ) intensities across all three biological replicates were 

considered for the analysis. All the replicates of all the fractions were subjected to Principal 

Component Analysis (PCA), considering the correlation between LFQ intensities associated with 

all the protein lists of individual samples (Shah et al., 2019). The differential enrichment analysis 

for these proteins’ LFQ intensities across different fractions was performed with DEP and LFQ-

analyst (Shah et al., 2019; Zhang et al., 2018). Proteins that showed more than 25log2 fold LFQ 

intensity difference statistically significantly (p<0.001) were chosen. Their differential 

enrichment score was plotted in a heatmap using ClustVis, with average distance clustering of 

rows (Metsalu and Vilo, 2015). Interactivenn and ShinyGO have been used to look at the 

distribution and pathway enrichment of protein lists (Ge et al., 2020; Heberle et al., 2015). 

F. In situ NuMat preparation and GdnHCl extraction: 

The protocol for preparing in situ NuMat has previously been published (Pathak et al., 2022a, 

2022b). To mimic the extraction procedure described in methods section B, we eliminated 

formaldehyde crosslinking. The modified procedure and subsequent sequential extractions are 

described as follows. 

Embryos collected from Canton S flies were washed in 50% bleach until dechorionated. For the 

removal of the vitelline membrane, the embryos were rotated with 50% heptane in 1X PBS for 

10 minutes. The embryos at the heptane-PBS interface were taken for further processing in a 

heptane-methanol (1:1) mix. After this step, the embryos that sat at the bottom of the tube were 

washed with cold methanol. After the fixed embryos became non-sticky, they were stored in 

methanol at -30�C. For NuMat preparation, embryos were rehydrated by drop-by-drop addition 

of PBT (1X PBS, pH 7.4 with 0.5% Triton X-100) and washed thrice with cold PBT (20 minutes 

each time). Next, the embryos were stabilized at 37�C for 20 minutes. After this, the embryos 

were treated with Extraction Buffer I (0.4 M NaCl) and Extraction buffer II (2 M NaCl), for 20 

minutes each. The stabilized embryos were submerged in DNase I digestion buffer (30 minutes). 

The resulting in situ NuMat was washed thrice with cold PBT (20 minutes each time).  

For sequential extraction of in situ NuMat, 1M GdnHCl solution was added to three aliquots of 

in situ NuMat and rotated at room temperature for 2 hours – the solution was carefully aspirated 

at the end. One aliquot was subjected to three PBT washes, 20 minutes each. Meanwhile, 2M 
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GdnHCl solution was added to the other two aliquots and rotated at room temperature for 2 

hours. One aliquot was subjected to three PBT washes, 20 minutes each. Meanwhile, 3M 

GdnHCl solution was added to the remaining aliquot and rotated at room temperature for 2 

hours. This aliquot was subjected to three PBT washes, 20 minutes each. The embryo structure 

collapses at GdnHCl concentrations higher than 3M. 

G. Immunostaining and confocal imaging of extracted in situ NuMat: 

The embryo derivative samples (Embryos, in situ NuMat, and in situ NuMat extracted 1M, 2M, 

3M GdnHCl buffers) were blocked by rotating in 3% BSA in PBT for 2 hours at 4°C. After a 

quick rinse with cold PBT, primary antibody solution was added and the suspension was rotated 

overnight at 4°C (16 h). Next, after three washes with cold PBT, the sample was rotated with 

secondary antibody solution (4°C for 3 h). The antibody solution was aspirated and DAPI was 

added in appropriate amounts to the sample bed volume. The sample was washed thrice with 

cold PBT, 20 minutes each time. The sample was mounted in Vectashield mounting media 

without DAPI and sealed. 

Mounted samples were imaged with Olympus FV3000 confocal microscope at 100x 

magnification with 3x zoom, taking near-saturation voltage values. The raw data were processed 

with ImageJ to get the same number of slices of all scans of one sample, to take the sum intensity 

projection, and to add the scale bar. 

Details of important reagents and antibodies are specified in tables in Supplementary file 1. 

H. Experimental Design and Statistical Rationale: 

We have taken two GdnHCl-based approaches to chisel at NuMat: first, to subfractionate it with 

finite extractions with increasing concentrations of GdnHCl, and second, to dissolve it in 

GdnHCl and remove it through dialysis to check for reassembly. For extraction subfractionation, 

the profiles of the proteins extracted in different fractions are deciphered by LC-MS-MS-based 

proteomics. For both lines of investigation, three biological replicates of each fraction were 

analyzed. The SDS-PAGE lane of each replicate was cut into three strips based on size to 

improve proteomics coverage and their data were merged in the MaxQuant run by specifying the 

spectra from strips as fractions of the same replicate.  
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Only proteins identified in all three biological replicates with two or more peptides and non-zero 

total LFQ intensity were considered true fraction components and were used for further analysis. 

Principal Component Analysis (with LFQ-Analyst) was used to judge the reliability of 

quantification measurements between biological replicates. The differential enrichment of 

protein across GdnHCl extraction fractions was judged by the fold change difference (>25log2-

fold) between triplicate LFQ-intensities and the associated p-value (<0.001) (using LFQ-analyst 

and DEP). For identifying the proteins involved in reassembly, we compared NuMat renaturation 

fraction with DNase I digestion fraction and salt extraction fraction, we have looked at the 

cluster emerging through the volcano plot and subsequent GO analysis of the subset of this 

cluster, which does show very high fold change (>20log2-fold) and p-value (<0.001). 
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Figure legends: 

Figure 1: NuMat proteins show differential enrichment in different GdnHCl extraction 

fractions: (a) For sequential extraction of NuMat with different GdnHCl concentrations the 

procedure is as described in the schematic; NuMat is resuspended in extraction buffer of the 

mentioned GdnHCl concentration, incubated for 2h at 25�C, and then pelleted down. The 

supernatant is taken as extract while the pellet is resuspended in the extraction buffer containing 

a higher concentration of GdnHCl, repeated till 8M. The 1M, 2M, 3M, 4M, and 8M extracts and 

the final pellet (P) are subjected to proteomics (marked with red circles). (b) Pairwise percentage 

overlap for NuMat fractions. Shown here in a 6x6 matrix is the overlap of each fraction with 

another fraction, each box corresponding to the notation of two concentrations contains the 

percentage overlap of protein lists for those two fractions. The higher the extent of overlap, the 

more intense the color of the box. We see that the extraction profiles of fractions closer in terms 

of GdnHCl concentration overlap better. (c) Replicate correlation for all replicates across all 

fractions in the sequential extraction of Drosophila embryo NuMat and with different 

concentrations of GdnHCl. Each dot represents one sample (one replicate of one fraction, as 

labelled). The separation between dots denotes the difference between them while dots clustering 

together have a similar profile. Replicates of each fraction cluster together well and are distinct 

from other fractions (d) Quantitative enrichment profile of proteins across the fractions of 

NuMat. LFQ intensities of GdnHCl fractions of NuMat were compared using LFQ-analyst, 

filtered by fold change (>25log2-fold, p<0.001) without imputation and Benjamini-Hochberg 

FDR correction. Fraction-wise relative enrichment scores of selected proteins were calculated 

using DEP and plotted in a heatmap using ClustVis. Columns represent fractions (1M, 2M, 3M, 

4M, 8M, and P) and rows represent individual proteins. The red color shows the enrichment of 

proteins and the blue color shows their depletion. We see a huge number of proteins are highly 

differentially enriched in different fractions and there is a stark division between higher-

concentration and lower-concentration extractions. 

 

Figure 2: Extraction patterns of well-known NuMat proteins in in situ NuMat follow a 

trend similar to proteomics: Shown here are images of Drosophila embryos at the 13th-15th 

stage (~2h), at100x magnification and 3X zoom (Nu for Nuclei, Nm for NuMat, and 1M, 2M, 
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3M extracts). Each row shows the sum projection of a sheet of nuclei immunostained for: (a) 

Hp1a (b) Polycomb (c) Trithorax-like (d) Megator (e) Fibrillarin (f) RNAP2 (g) Lamin; in 

greyscale to assess the extent of extraction for the sequentially extracted samples. Scale bar 5 µm 

in all images. 

Figure 3: NuMat proteins self-assemble in a network of fibers: NuMat proteins were 

dissolved in 8M GdnHCl and any debris was removed by high-speed spin, schematic shown in 

(a). The lack of ultrastructure in the 8M denaturant is shown in (b). This solution, when dialyzed 

to remove GdnHCl, forms networks of fibers (shown in (c)). When the fibers obtained in (c) 

were treated with RNAse, the fibers collapsed (shown in (d)). Similarly, NuMat preparation with 

RNAse treatment did not yield a contiguous fiber upon renaturation (shown in (e)). For all 

experiments, pictures were taken at three different magnifications (scales of 5 µm, 0.5 µm, and 

0.05 µm unless specified). The magnified area is outlined in a red square. 

Figure 4: Difficultly-solubilized proteins contribute the most to self-assembling fibers: The 

extraction fractions of NuMat prepared from sequential extraction by GdnHCl (schematic in Fig 

1 a) were renatured (schematic in Fig 3 a), spun, resuspended in 10 µL water and spotted on the 

grid. Each row shows electron micrographs for each extraction fraction renaturate (1M renatured, 

2M renatured, 3M renatured, 4M renatured, and 8M renatured, as labelled) at three different 

magnifications (at scales 5 µm, 0.5 µm, and 0.05 µm, marked on top of each column). The area 

magnified from one magnification to the next is shown using a red box. 

Figure 5: NuMat proteins responsible for reassembly are difficult to solubilize and belong 

to diverse pathways: (a) The proteome profile of renatured pellet is different from non-NuMat 

nuclear fractions (DNase I digestion fraction and Salt extraction fraction) and similar to the 8M 

extraction fraction. Shown here is the PCA plot where the replicates of individual fractions 

cluster together. The renatured fiber-forming fraction clusters farthest away from non-fiber 

forming fractions (DNAse I digestion fraction and salt extraction fraction), and closer to the 

extraction fractions, especially 8M. (b) Quantitative comparison of the proteomic profile of 

renatured fraction with DNase I digestion fraction. The horizontal axis shows the log2 fold 

change of the average LFQ intensity ratio for an individual protein for DNAse I digestion (Db) 

vs Renaturation (ren), and the vertical axis shows the statistical significance of the fold change in 

terms of –log10 of the p-value. We see a distinct cluster of 273 proteins that have >220 fold 
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change and <10-10 p-value, denoting proteins that are principal exclusive contributors to fiber-

forming renaturation fraction (highlighted in red square). (c) Quantitative comparison of the 

proteomic profile of renatured fraction with Salt Extraction fraction. The horizontal axis shows 

the log2 fold change of the average LFQ intensity ratio for an individual protein for Salt 

Extraction (Sf) vs Renaturation (ren), and the vertical axis shows the statistical significance of 

the fold change in terms of –log10 of the p-value. We see a distinct cluster of 219 proteins that 

have >220 fold change and <10-10 p-value, denoting proteins that are principal exclusive 

contributors to fiber-forming renaturation fraction (highlighted in red square). (d) Gene Ontology 

analysis of core renaturation factors (made with ShinyGO) shows high fold change enrichment 

of GO terms related to biological processes like translation, histone modification, and 

chromosome organization. Y-axis shows various biological processes enriched in core 

renaturation factors, X-axis shows fold change, the dot size shows the absolute protein count for 

a pathway, and the dot color represents the p-value of enrichment (red means more significant) 

(e) Contribution of extraction fractions to core renaturation factors. The proteins that from the 

overlap of core renaturation fraction with individual extraction fractions were used as input in a 

5-way Venn diagram (made with interactivenn). We see that the biggest contribution to CRF 

comes from 8M, both unique and overlapping. 

 

Expanded view figure legends:  

Expanded view figure 1: Quality checks of NuMat preparation. (a) The nuclear lysate was run 

alongside whole cell lysate and probed for Lamin Dm0, GAPDH, and Cytochrome C. While 

both lanes have the same amount of lamin, the nuclear lysate does not have any GAPDH or 

Cytochrome C (b) Scanning electron microscope images of the isolated nuclei; there are no 

cytoplasmic attachments on the outer surface, scale bars in the images. NuMat aliquot alongside 

nuclear lysate, DNAse I digestion supernatant, and salt extraction supernatant shown in (a) Silver 

stain of the gel (b) western blot probed for Lamin Dm0 and Histone H3. We see that histones are 

extracted in salt fraction while the nuclear matrix retains higher molecular weight proteins like 

Lamin.  

Expanded view figure 2: Protein profile of the NuMat extraction with GdnHCl and Urea. Four 
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separate NuMat aliquots were resuspended in 1M, 2M, 3M, and 4M GdnHCl solution, and 

another four in 1.5M, 3M, 4.5M, and 6M Urea. Supernatants were loaded in lanes labelled 

XM_Sup. Pellets were loaded in lanes labelled as XM_P. Large-scale solubilization is visible in 

GdnHCl supernatants (a) and none in Urea supernatants (b). There is a marked difference 

between the proteins solubilized by GdnHCl and the proteins left in the pellet.  

Expanded view figure 3: Check for leeching in NuMat extraction with GdnHCl by sequential 

extraction with the same concentration. Four separate NuMat aliquots were resuspended in 1M, 

2M, 3M, and 4M GdnHCl solution. The suspension was pelleted every hour and the pellet was 

resuspended in a fresh solution of the same GdnHCl concentration. Here shown are the silver 

stains of the 1-hour protein extraction profile for each concentration. Maximum extraction 

happens within 2 hours in each case. 

Expanded view figure 4: NuMat aliquot was sequentially extracted with 1M, 2M, 3M, and 4M 

GdnHCl solutions. All four supernatants and the pellet were loaded. The profiles are slightly 

different. 

Expanded view figure 5: Overlap of proteins across fractions, compared by 6-way Venn 

diagram: We observe that the qualitative profiles of 1M, 2M, 3M, 4M, 8M, and P fractions have 

132 proteins common to all fractions (highlighted in a black square). High-concentration 

extractions (8M and P, highlighted in red circles) and low-concentration extractions (1M and 

2M, highlighted in green circles), emerge as larger unique clusters as opposed to 3M-4M. Thus, 

there is a clear divergence in easily-solubilized (green) and difficultly-solubilized (red) groups. 

Expanded view figure 6: Comparisons of broad biophysical property histograms across 

GdnHCl fractions: Shown here are violin plots of protein number distribution for (a) Molecular 

weight, (b) Isoelectric point, (c) Intrinsic Disorder Percentage (data from MobiDB (Piovesan et 

al., 2022)), (d) Non-polar Amino Acids for all three replicates of each fraction. There is no 

biophysical bias in the extraction of embryo NuMat proteins at different GdnHCl concentrations. 

Expanded view figure 7: Each in situ NuMat preparation at each extraction step (Nu for whole 

nuclei, Nm for in situ NuMat, 1M, 2M, and 3M) was stained with DAPI and immunostained for 

Lamin Dm0 alongside the target protein ((a) HP1 (b) Pc (c) Trl (d) Tpr/Megator (e) Fib (f) 

RNAP2. The figures show the sum projection of a few slices from the sheet of nuclei images at 
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100x magnification and 3x zoom, the Lamin staining showing that the nuclear morphology is 

intact through the sequential extraction, and DAPI staining showing that the chromatin has 

properly been removed during in situ NuMat preparation. Scale bar 5 µm in all images. 

Expanded view figure 8: LFQ-intensity-based extraction patterns of key NuMat proteins. 

Shown here is the extraction pattern of NuMat protein examined through immunofluorescence 

and confocal microscopy of in situ Nuclear Matrix as line diagrams in terms of percentage 

extraction at each extraction step, X-axis showing the extraction steps (1M to P) and Y-axis 

showing percentage LFQ-intensity (0-100). Color codes for individual proteins are shown at the 

side of the graph. We observe that RNAP2 and Megator show no solubilization in the first three 

steps, HP1 and Pc are solubilized easily while GAF and Fib are ubiquitously-solubilized. Lamin 

shows easy solubilization here and ubiquitously solubilization in in situ Nuclear Matrix. 

Expanded view figure 9: Non-NuMat nuclear proteins don’t self-assemble to form fibers. (a) 

DNase I extracted chromatin-associated proteins, (b) Salt extracted nuclear proteins (c) 

homogeneous protein solution with a single member, BSA. For all experiments, pictures were 

taken at three different magnifications (scales of 5 µm, 0.5 µm, and 0.05 µm). In the case of 

extreme magnification from 0.5 µm scale to 50 nm scale, the magnified area is outlined in a red 

circle. 

Expanded view figure 10: Morphology of renatured NuMat fibers upon physical perturbations: 

(a) NuMat renaturation fibers formed by dialysis and the grid dipped in renaturate (b) NuMat 

renaturation fibers formed by dialysis were spun down at 21000xg, resuspended in 10 µL water 

and spotted on the grid (c) NuMat renaturation fibers formed by serial dilution (8M->4M->2M-

>1M->0.5M) and 10 µL renaturate spotted on the grid. 

Expanded view figure 11: Gene ontology analysis of two major subsets of core renaturation 

factors, shown here are dot plots where Y-axis shows various biological processes enriched, X-

axis shows fold change, the dot size shows absolute protein count for a pathway and the dot color 

represents the p-value of enrichment (red means more significant). (a) Gene Ontology analysis of 

core renaturation proteins overlap with proteins unique to 8M (b) Gene ontology analysis of core 

renaturation proteins overlap with 8M proteins that are common to all fractions. Plotted with 

ShinyGO.  
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