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SUMMARY

Biomolecular condensates are implicated in core cellular processes such as gene regulation and 

ribosome biogenesis. Although the architecture of biomolecular condensates is thought to rely 

on collective interactions between many components, it is unclear how the collective interactions 

required for their formation emerge during evolution. Here, we show that the structure and 

evolution of a recently emerged biomolecular condensate, the nucleolar fibrillar center (FC), is 

explained by a single self-assembling scaffold, TCOF1. TCOF1 is necessary to form the FC, and 

it structurally defines the FC through self-assembly mediated by homotypic interactions of serine/

glutamate-rich low-complexity regions (LCRs). Finally, introduction of TCOF1 into a species 

lacking the FC is sufficient to form an FC-like biomolecular condensate. By demonstrating that 

a recently emerged biomolecular condensate is built on a simple architecture determined by a 

single self-assembling protein, our work provides a compelling mechanism by which biomolecular 

condensates can emerge in the tree of life.

In brief

Jaberi-Lashkari et al. present a model for the evolution of biomolecular condensates by showing 

that a recently emerged condensate relies on a self-assembling scaffold rather than on many 

co-interacting scaffolds and that emergence of this single scaffold can explain the emergence of 

this condensate in the tree of life.
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Graphical Abstract:

INTRODUCTION

Biomolecular condensates, or condensates, such as nucleoli and stress granules, are 

membraneless assemblies of biomolecules, such as proteins and RNAs, implicated in 

key cellular processes from ribosome biogenesis to stress response.1–6 The architecture 

of condensates is thought to rely on collective, interdependent interactions between 

many components.7,8 However, it remains unclear how such condensates emerge during 

evolution. This question highlights an unexplored link between the underlying architecture 

of condensates and their evolution.

One of the most recently emerged condensates exists within the nucleolus, a membraneless 

organelle composed of distinct, co-existing condensates that play sequential roles in 

ribosome biogenesis.2,9 In humans, nucleoli are tripartite, consisting of the fibrillar center 

(FC), nested within the dense fibrillar component (DFC), which is nested within the 

granular component (GC).2,9 Although nucleoli coordinate ribosome biogenesis across 

eukaryotes, their tripartite architecture is not ubiquitous. Many other eukaryotes possess 

bipartite nucleoli, which lack an FC-like subcompartment,10,11 and only contain GC-like and 

DFC-like subcompartments called granular and fibrillar zones (GZs and FZs), respectively. 

How the underlying structure of the FC relates to its emergence in the bipartite-to-tripartite 

transition is a long-standing question, subject to speculation.10
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To understand the relationship between the architecture and emergence of condensates, we 

used the FC, a recently emerged condensate with an unknown underlying structure, as a 

case study. Thought to have emerged in amniotes,11 the FC may have a more evolutionarily 

“nascent” architecture than more highly studied condensates such as stress granules and 

the nucleolar GC, which exist in species that diverged from humans over a billion years 

ago. While the scaffold(s) of the FC are unknown, early electron microscopy (EM) studies 

demonstrated that the FC structure is sensitive to protease but not RNase, suggesting that 

protein, and not RNA, is necessary for the underlying structure of the FC.12

Consistently, we previously observed that the FC protein TCOF1 formed a condensate 

that recruited other FC proteins when targeted outside of the nucleolus.13 Furthermore, 

these extra-nucleolar TCOF1 assemblies do not accumulate nascent RNA (Figure S1). 

These results, along with observations that protein is required for FC structure,12 led to 

our hypothesis that TCOF1 may scaffold the FC and may thus provide insight into its 

emergence.

RESULTS

The FC, DFC, and GC can be discerned by their appearance by EM (Figure 1A). To test 

the importance of TCOF1 for FC structure, we made a degron-based loss-of-function system 

for TCOF1 in HeLa cells to assay the presence of the FC using EM (Figures 1B, S2A, and 

S2B).14 TCOF1 expression in TCOF1-degron cell lines was reduced to undetectable levels 

within 4 days of dTAG-13 treatment (Figures S2C–S2E). Moreover, TCOF1 degradation 

reduced nascent nucleolar RNA levels (Figure S2F), consistent with previous studies.15

TCOF1 degradation resulted in ablation of the FC in two separate TCOF1-degron cell 

lines (Figures 1C and S3A). These results were not due to dTAG-13 off-target effects, as 

we observed no effect on wild-type (WT) cells, which lack the degron (Figures 1C and 

S3A). Importantly, TCOF1 degradation did not broadly compromise nucleolar integrity, as 

we still detected the GC and DFC as seen in WT and DMSO-treated TCOF1-degron cells 

(Figures 1C and S3A). Moreover, the phenotype of TCOF1 degradation was distinct from 

known effects of rRNA transcription inhibition with actinomycin D or CX-5461, neither of 

which abolishes the FC.16–19 The distinction between TCOF1 loss and rRNA transcriptional 

inhibition confirms that TCOF1, rather than its role in rRNA transcription, is important for 

FC formation. Thus, these results demonstrate that TCOF1 is specifically required for the 

assembly of the FC.

When expressed in HeLa cells, mEGFP-TCOF1 formed nucleolar condensates, many of 

which were larger than normal FCs (Figure S3B). Strikingly, FC components maintain co-

localization with TCOF1 condensates regardless of their size and dilute across larger TCOF1 

condensates (Figures 1D and S3B). In contrast, DFC, GC, and nucleolar rim components 

remain excluded from TCOF1 condensates (Figure 1D). These results suggest that in cells, 

TCOF1 condensates maintain an FC identity irrespective of their size (Figure 1E). This 

behavior is not observed for another FC protein, RPA43 (Figure S3C). Moreover, in TCOF1-

expressing cells, nascent RNA is synthesized on the periphery of TCOF1 condensates and 

progresses into the GC (Figures S3D and S3E), consistent with normal rRNA transcription 
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around the FC.20,21 Collectively, the observations that TCOF1 is necessary for FC formation 

and that, specifically, TCOF1 dictates the size, shape, and form of FCs in cells indicate that 

TCOF1 structurally defines the FC.

Given this, we wanted to understand how this single protein mediates assembly of this 

recently emerged condensate. The observations that TCOF1 forms condensates when 

targeted outside of the nucleolus13 and that varying TCOF1 levels cause concomitant 

changes in FC size led us to hypothesize that TCOF1 may be capable of self-assembly 

rather than assembly dependent on collective interactions of several components. Notably, 

TCOF1 self-assembly would be in contrast to assembly of other condensates, which rely 

on multiple interacting components,7 and may thus represent a more evolutionarily nascent 

architecture for condensates in cells.

To determine if TCOF1 self-assembles inside human cells, we used a biophysical approach 

that determines whether a protein relies on other cellular components for its assembly.7 The 

relative concentrations of TCOF1 in the dense phase (within the assembly) and the dilute 

phase (outside of the assembly) determine its free energy of transfer (ΔGtransfer), a measure 

inversely related to the favorability for entering the assembly. Upon increased expression, 

if TCOF1 assembly is dependent on other component(s), it will reach a point where it 

saturates the dense phase and accumulates in the dilute phase. This behavior is referred to as 

multi-component assembly and is reflected in an increase in ΔGtransfer and little/no change 

in dense phase size (Figure 2A). On the other hand, if TCOF1 is capable of self-assembly, 

it will partition into the assembly across all expression levels. This behavior is referred to 

as single-component assembly, in which ΔGtransfer remains constant and dense phase size 

increases with expression (Figure 2A).

Using this framework, we observed that although DFC and GC scaffolds Fibrillarin 

and Nucleophosmin (NPM1)2,20,22 displayed multi-component assembly in cells, TCOF1 

displayed single-component assembly. Partitioning of both Fibrillarin and NPM1 became 

unfavorable upon increased expression, as seen by increased dilute phase in cells (Figures 

2B and S4), and both proteins exhibited little/no increase in their dense phase size 

(Figures 2B and S4). This observation is consistent with assembly of Fibrillarin and NPM1 

depending on other nucleolar components.2,7,22 Furthermore, this assembly behavior is 

consistent with that of scaffolds of p-bodies, stress granules, and Cajal bodies.7 In contrast, 

TCOF1 maintained its partitioning, and increased in dense phase size, across ~3 orders of 

magnitude of expression (Figure 2C).

That TCOF1 assembles on its own inside cells is a unique example of a natural protein 

capable of single-component assembly in an intracellular condensate. We reasoned that if 

TCOF1 self-assembly is necessary for its ability to structurally define the FC, then TCOF1 

self-assembly underlies FC formation. Such a direct relationship between self-assembly of a 

single protein and the structure of a condensate could provide a simple explanation for the 

emergence of this condensate.

To test if TCOF1 self-assembly underlies FC structure, we sought to determine the 

molecular features of TCOF1 that mediate its self-assembly and to test if specific 
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perturbations to its self-assembly affect its ability to structurally define the FC in cells. 

A majority of TCOF1’s ~1,500 amino acids are in a repeat domain consisting of 16 

evenly spaced S/E-rich low-complexity regions (LCRs) (Figure S5A). Given the importance 

of valency for condensate formation,23 we hypothesized that this repeat domain may be 

involved in its assembly. A TCOF1 mutant with this region deleted, TCOF1Δ83–1170, failed 

to assemble in a single-component manner (Figure 3A), showing that the repeat domain is 

essential for single-component assembly. Moreover, serial truncations of the repeat domain 

resulted in eventual loss of single-component assembly (Figures 3A, S5B, and S5E). This 

could not be explained by the direction of truncation (Figures 3A, S5B, and S5E) or by any 

repeat domain segment shared between constructs capable of single-component assembly 

(Figures S5C and S5E). Given that the region necessary for single-component assembly 

could not be mapped to one location within this repeat domain (Figure S5D), we reasoned 

that it is dispersed along the sequence.

We hypothesized that the S/E-rich LCRs are the dispersed feature necessary for single-

component assembly of TCOF1. Consistently, we observed a strong relationship between 

the number of S/E-rich LCRs present in each mutant and whether it exhibited single-

component or multi-component assembly (Figure S5D). Mutants with ≥9 copies of S/E-rich 

LCRs maintained single-component assembly indistinguishable from WT TCOF1, while 

those with ≤5 copies failed to assemble in a single-component manner (Figure S5D). To 

test the role of the S/E-rich LCRs in TCOF1 assembly, we generated a TCOF1 mutant 

with all but 5 S/E-rich LCRs specifically deleted (TCOF1ΔSE83–785). We observed that 

TCOF1ΔSE83–785 failed to assemble in a single-component manner (Figures 3B and S5D), 

showing that TCOF1 self-assembly requires its S/E-rich LCRs.

In addition to mediating self-assembly, the S/E-rich LCRs of TCOF1 are required for its 

ability to structurally define the FC. When assessing the ability of the truncation mutants to 

expand the FC, mutants with more S/E-rich LCRs excluded the GC (assessed by MPP10), 

while those with fewer S/E-rich LCRs did not (Figure S5F), suggesting that the ability 

of TCOF1 to assemble is intertwined with its ability to structurally define the FC. If so, 

specific perturbations to TCOF1 assembly by deletion of the S/E-rich LCRs should disrupt 

its ability to structurally define the FC. Indeed, a mutant with all 16 S/E-rich LCRs deleted 

(TCOF1ΔSE) failed to exclude the GC marker MPP10 (Figure 3C; see STAR Methods), 

similar to TCOF1 mutants that failed to assemble (Figure S5F), showing that the S/E-rich 

LCRs are necessary for TCOF1 to structurally define the FC. Together, these results argue 

that TCOF1 self-assembly structurally defines the FC, showing that self-assembly of a single 

scaffold can underlie the structure of an endogenous condensate.

The coupling between TCOF1 assembly and FC formation raises the question of how 

S/E-rich LCRs facilitate TCOF1 assembly. We reasoned that if TCOF1 self-assembles 

via heterotypic interactions between S/E-rich LCRs and other element(s) in TCOF1, then 

a version of TCOF1 lacking the S/E-rich LCRs will co-assemble with a version of 

TCOF1 containing the S/E-interacting element(s), as interactions are possible between them. 

However, if TCOF1 self-assembles via homotypic interactions between the S/E-rich LCRs, 

then two versions of TCOF1 will not co-assemble in cells unless they both possess S/E-rich 

LCRs, as they cannot interact when either lacks all of its S/E-rich LCRs.

Jaberi-Lashkari et al. Page 5

Cell Rep. Author manuscript; available in PMC 2023 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To determine how the S/E-rich LCRs mediate TCOF1 assembly, we co-expressed mEGFP- 

and mCherry-tagged versions of TCOF1 and assessed their co-assembly. In cells, WT 

TCOF1 co-assembles with itself, demonstrated by co-localization of mEGFP and mCherry 

(Figure 3D). However, WT TCOF1 and TCOF1ΔSE failed to co-assemble. Rather, WT 

TCOF1 excluded TCOF1ΔSE (Figure 3D), suggesting that TCOF1’s S/E-rich LCRs mediate 

assembly through self-interaction and not interaction with another element within TCOF1. 

This was not dependent on WT TCOF1 nucleolar localization, as co-assembly assays 

between TCOF1ΔSE and a non-nucleolar TCOF1 mutant13 containing the repeat domain 

yielded similar results (Figure S6A). This suggests that homotypic interactions between 

S/E-rich LCRs mediate TCOF1 self-assembly, though it remains unclear how negatively 

charged sequences can interact in cells. We speculate that an abundant divalent cation in 

cells, like Mg2+, may mediate the self-interactions of TCOF1 through salt bridges. Mg2+ 

mediates interphosphate interactions in nucleic acids and is an appealing candidate because 

serines in the TCOF1 S/E-rich region can be phosphorylated by the kinase CK2.24

Collectively, these results provide a molecular mechanism by which a cellular condensate 

can be scaffolded by a self-interacting component. TCOF1 scaffolds the nucleolar FC 

through self-assembly mediated by homotypic interactions of its repeated S/E-rich LCRs. 

These findings show that the size, shape, and even presence of a cellular condensate can be 

dictated through the precise expression, or lack of expression, of a single, naturally existing 

scaffold.

The ability of TCOF1 to scaffold the FC through self-assembly is a fundamentally different 

scaffold architecture for an intracellular condensate from those that depend on collective, 

interdependent interactions. This simple architecture presents a compelling mechanism by 

which condensates may evolve: the emergence of a condensate scaffolded by a single self-

assembling component could be entirely linked to the emergence of this single component. 

A condensate scaffolded by a single component may represent an evolutionary intermediate 

for condensates that rely on interdependent interaction networks, such as the GC and stress 

granules. We therefore sought to test whether our understanding of TCOF1 can provide a 

molecular explanation for the evolutionary origins of the FC.

Given that the FC is thought to have emerged in amniotes,11 we asked if TCOF1 emerged 

at a similar point in evolution. We first broadly assessed whether the presence of TCOF1 

orthologs correlates with the presence of an FC (i.e., tripartite nucleolus). We looked for 

species where we could assess both nucleolar structure by existing EM data and the presence 

or the absence of TCOF1 orthologs in the proteome. Of the eight species we looked at, 

we observed a relationship between the existence of an FC and the presence of TCOF1 

orthologs (Figures 4A and S7B–S7F; Table S1), with most species either having both a 

TCOF1 ortholog and an FC or lacking both (Figure 4A).

We next focused on species spanning the amniote transition: the bony fish D. rerio, the 

amphibian X. laevis, the turtle P. scripta, and the bird G. gallus (Figure 4A). Consistent with 

co-emergence of FC and TCOF1, D. rerio lacks both TCOF1 and an FC, while G. gallus 
has both. Although P. scripta possesses TCOF1 but lacks an FC, the existence of a TCOF1 

ortholog and an FC in X. laevis25 suggests that the FC may have been lost in turtles for other 
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reasons. This association between the presence of TCOF1 and the FC led us to hypothesize 

that the emergence of TCOF1 may have played a role in FC emergence during evolution. If 

true, this hypothesis would suggest that introduction of TCOF1 into a bipartite system may 

be sufficient to form an FC-like nucleolar compartment.

We introduced human TCOF1 into zebrafish, which lack both TCOF1 and an FC (Figures 

4A and S7A), to see if it forms an FC-like condensate that reorganizes the bipartite 

structure of the zebrafish nucleolus. We injected mEGFP-TCOF1 mRNA into zebrafish 

embryos, derived cells from these embryos, and used the FZ marker Fibrillarin to assess 

whether TCOF1 forms an FC-like condensate (Figures 4B and S7G). In uninjected embryos, 

Fibrillarin staining appears as small nuclear bodies, consistent with its FZ localization in 

bipartite nucleoli (Figure 4C). Strikingly, in cells from embryos injected with WT TCOF1 

mRNA, we observed nuclear TCOF1 condensates, nested within Fibrillarin (Figure 4C). 

Fibrillarin organization conforms to the shape of the TCOF1 condensate, surrounding it as 

a DFC surrounds an FC in tripartite nucleoli. Strikingly, Fibrillarin exclusion is maintained 

irrespective of TCOF1 condensate size, like the expanded FCs we observed in human cells, 

which have tripartite nucleoli (Figures 1D and S7H). Importantly, an assembly deficient 

TCOF1 mutant mixes with Fibrillarin (Figure 4C), suggesting that the ability of human 

TCOF1 to form an FC-like condensate in zebrafish requires its self-assembly.

We sought to understand the degree to which these FC-like condensates recapitulate FC 

properties, namely formation of nucleoli with three distinct subcompartments and spatial 

organization of transcription surrounding the FC. To test if TCOF1 can induce a bipartite-to-

tripartite reorganization in zebrafish nucleoli, we co-injected mCherry-zfMpp10 (zebrafish 

homolog of GC marker MPP10) and mEGFP-TCOF1 mRNAs into zebrafish embryos. 

We observed that TCOF1 FC-like condensates exclude Mpp10. Strikingly, with TCOF1, 

the nucleolus forms three distinct nested layers reminiscent of tripartite nucleoli in which 

Mpp10 surrounds fibrillarin, which in turn surrounds the TCOF1 FC-like condensates 

(Figures 4D and S7I). Moreover, TCOF1 FC-like condensates excluded nascent nucleolar 

RNA (Figure S7J), much like in tripartite systems20,21 (Figures S3D and S3E). Collectively, 

these results indicate that TCOF1-induced FC-like condensates in zebrafish reorganize 

bipartite nucleoli to exhibit key structural features defining tripartite nucleoli.

The discovery that TCOF1 is sufficient to form an FC-like compartment in bipartite 

nucleoli provides direct experimental evidence for a molecular explanation of the bipartite-

to-tripartite transition, which can be explained through the emergence of TCOF1. More 

broadly, these findings demonstrate that understanding the underlying architecture of 

biomolecular condensates can provide insight into their evolution.

DISCUSSION

Together, this work presents a model for the structure and molecular origins of the nucleolar 

FC in which emergence of TCOF1 is coupled to the emergence of the FC, the underlying 

structure of which is defined by the ability of TCOF1 to self-assemble through homotypic 

interactions between its S/E-rich LCRs (Figure 4E). More generally, this work not only 
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suggests that a condensate may be formed by a protein acting as a single-component scaffold 

but also presents a general model for the formation and origin of these complex structures.

The idea that condensates may be scaffolded by a single protein is consistent with 

an emerging view that the underlying structural principles of membraneless organelles 

may relate to those in other biological structures,13 such as the siliceous skeletons of 

certain sponges26 or spider silk. These assemblies often form from very few scaffolding 

components, allowing the properties of the assembly to be largely controlled by the 

expression of just a few components. For example, while other components influence the 

specific physical properties of the silk fibers,27 the formation of spider silk is dependent on 

the expression of two spidroin proteins,28–30 which are sufficient to form silk fibers.31,32 

Likewise, we find that the size of the nucleolar FC is tuned by TCOF1 levels. These findings 

raise the possibility that other condensates, particularly recently emerged ones, may be 

similarly tuned and organized. Thus, understanding the architecture of biological structures 

is key to understanding their formation and evolution.

Given that emergence of an assembly based on single-component scaffolds requires only 

a single self-assembling component for its underlying architecture, these assemblies may 

arise in fewer evolutionary steps compared with ones with many co-interacting molecules. 

Following emergence of a single-component scaffold, molecules that contribute to the 

structure or function of the assembly can be gained gradually. In fact, assemblies thought 

to be made up of highly interconnected components, such as stress granules, p-bodies, 

and the nucleolar GC,7,8,22,33 are much more evolutionarily ancient than the FC, which 

relies on TCOF1. Similarly, several species-specific (and potentially more recently emerged) 

assemblies, such as spider silk, are scaffolded by just a few components.28 These distinct 

assembly architectures may be explained by a more general model for the emergence 

of higher-order biological assemblies with complex architectures, in which assemblies 

first arise from single self-interacting scaffolds, gain interaction partners over time, and 

eventually rely on these interaction partners for the structure of the assembly itself.

While we are only beginning to gain insight into these diverse complex biological 

assemblies, our understanding of TCOF1 as an archetypal self-assembling scaffold 

underlying the architecture of a nascent biomolecular condensate may inform future studies 

of the assembly and evolution of biomolecular condensates across the tree of life.

Limitations of the study

We use a thermodynamic framework to demonstrate that TCOF1 exhibits single-component 

self-assembly. While we observe this across orders of magnitude of TCOF1 concentrations, 

it is formally possible that an unknown co-assembling component remains in excess 

of TCOF1 across our conditions or increases in concentration upon TCOF1 expression. 

However, given our results showing that TCOF1 can occupy nearly an entire nucleus, 

it would need to not be limiting for this level of TCOF1 in cells. While we have not 

directly excluded the possibility that TCOF1 may promote the expression of a co-assembling 

scaffold, our results in zebrafish imply that if this hypothetical co-scaffold exists in humans, 

then it (and the ability of TCOF1 to increase its concentration) would also have to exist in 

zebrafish, which lack an FC. Another limitation is the extent to which we can “demonstrate” 
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causality in evolution. We attempt to make clear that our study presents a possible, but 

compelling, mechanism for the emergence of biomolecular condensates.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Eliezer Calo (calo@mit.edu).

Materials availability—Plasmids and cell lines generated in this study are available upon 

request to the lead contact.

Data and code availability

• All data and materials are available upon request to the lead contact for the 

purposes of reproducing or extending the analysis.

• Code used for image analysis can be found on zenodo at: https://doi.org/10.5281/

zenodo.7236056.

• Any additional information required to reanalyze the data reported in this work 

paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human cell culture—HeLa S3 cells were obtained from ATCC (CCL-2.2). Cells tested 

negative for mycoplasma. HeLa cells were cultured in 5% CO2 on cell culture-treated 10 

cm plates (Genesee Scientific, 25–202) in Dulbecco’s Modified Eagle Medium (DMEM, 

Genesee Scientific, 25–500) supplemented with 10% Fetal bovine serum (FBS, Gemini 

Bio-products, 100–106) and 1% Penicillin/Streptomycin (Gibco, 10378–016). Cells were 

split 1:10 every 3 days by using trypsin (Gibco, 25200072).

Zebrafish husbandry—Zebrafish were housed in AAALAC-approved facilities and 

maintained according to protocols approved by the Massachusetts Institute of Technology 

Committee on Animal Care. AB/Tübingen (TAB5/14) genetic background strains (ZFIN: 

ZDB-GENO-010924-10) were used. Zebrafish embryos are of indeterminate sex at 27 hpf, 

and are neither male nor female at this stage.

METHOD DETAILS

Generation of plasmids and constructs—Coding sequences of wildtype proteins 

were cloned from human or zebrafish cDNA, from which deletions were made, if applicable. 

The only exception was pcDNA3.1(+) mEGFP - TCOF1 ΔSE and DSE 83–785, which 

were cloned from a synthesized gene block (Twist Bioscience) which was codon optimized 

to reduce repetitiveness of the DNA sequence. All constructs contain a GSAAGGSG 

peptide linker between GFP/mCherry and the protein of interest. SnapGene software (https://

www.snapgene.com/) was used to design and view plasmids and constructs.
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Generation of degron cell lines—Degron lines were generated in HeLa cells using 

sequential rounds of the following approach of CRISPR-Cas9-mediated cutting, homologous 

recombination (HR)-mediated tagging with the FKBP degron14 fused to different selection 

markers, and selection, to achieve complete tagging of the TCOF1 locus. See Figure S2A 

for flowchart, and Figure S2B for HR templates. An sgRNA targeting the 3′UTR of TCOF1 

proximal to the stop codon was cloned into the Cas9-containing plasmid PX458 (Addgene, 

48138) by golden gate cloning, and subsequently sequence verified. The sgRNA used 

(5′-GTATGACGAGCACCAGCACC-3′) had on-target and off-target scores of 58.8 and 

57.8, respectively, and was designed using Benchling. Off-target scores calculation included 

masked and low-complexity genomic regions.

HR templates depicted in Figure S2B are described here for completeness. HR templates 

contained an upstream homology arm 900 bp in length, which corresponds to the 900 

bp of the TCOF1 genomic locus immediately upstream of the stop codon, and was 

cloned from HeLa genomic DNA. downstream of this homology arm, we cloned the 

FKBP degron cassette consisting of (GSG linker)-(FKBP-V)-(2xHA)-(GSG linker)-(P2A)-

(Selection marker)-(STOP). The stop codon was followed by a downstream homology arm, 

which corresponded to the 821 bp of the TCOF1 genomic locus immediately downstream 

of the stop codon, and was cloned from HeLa genomic DNA. In the downstream homology 

arm, the PAM site at which the selected sgRNA cuts was mutated from AGG to AGC to 

prevent cutting of the locus after successful tagging. The entire HR template was cloned into 

a plasmid.

The process for generating the lines is depicted in Figure S2A, and described here. First, 

HeLa cells were co-transfected with the TCOF1 sgRNA plasmid and the HR template 

carrying Hygromycin resistance. Two days after transfection, cells were selected with 375 

μg/mL of Hygromycin for 1 week, generating a Hygromycin resistant (HygR) population. 

This HygR population was then used in two independent tagging processes, with either 

Blasticidin- or Puromycin-containing versions of the HR-template, which led to the 

generation of the E6 and E12 clones used in the study.

For generation of the E6 clone, the HygR population was co-transfected with the TCOF1 

sgRNA population and the HR template carrying Blasticidin resistance. Two days after 

transfection, cells were selected with 4 μg/mL of Blasticidin, for 15 days, generating a 

HygR, BlastR resistant population. This HygR BlastR population was then single-cell sorted 

into 96-well plates using a BD FACSAria cell sorter and grown up in the absence of 

selection. Clones were grown up and screened by PCR, followed by western blotting and 

immunofluorescence, as described in ‘validation of degron cell lines’ below, and Clone E6 

was selected for use in subsequent experiments.

For generation of the E12 clone, the HygR population was co-transfected with the TCOF1 

sgRNA population and the HR template carrying Puromycin resistance. Two days after 

transfection, cells were selected with 2 μg/mL of Puromycin, for 15 days, generating a 

HygR, PuroR resistant population. This HygR PuroR population was then single-cell sorted 

into 96-well plates using a BD FACSAria cell sorter and grown up in the absence of 

selection. Clones were grown up and screened by PCR, followed by western blotting and 
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immunofluorescence, as described in ‘validation of degron cell lines’ below, and Clone E12 

was selected for use in subsequent experiments.

Validation of degron cell lines—Degron cell lines were first screened by PCR, 

and then further validated by Western blot and immunofluorescence (Figures S2C–S2E). 

Putative clones, including clones E6 and E12, were identified in the PCR screening, 

looking for lack of a wildtype PCR product (1268 bp) using genotyping primers 

spanning the genomic locus outside of the left homology arm and inside the right 

homology arm (forward: 5′-GCTGGCCTCCAGGGGGCAGGTGAA-3’; reverse primer: 

5′-ACAGGGGACACCAGAGCTGT-3′). Following PCR screening, clones were tested for 

TCOF1 degradation upon dTAG-13 treatment (24hrs, 100 nM) by Western blot as well as 

immunofluorescence. Two independent clones, E6 and E12, were selected on the basis 

of 1) a lack of a wild-type band by PCR screening, 2) loss of TCOF1 protein after 

dTAG treatment, and 3) nucleolar localization which is lost after dTAG treatment by 

immunofluorescence.

Inducible degradation using the degron system and dTAG-13 treatment—In 

experiments using dTAG-13 treatment to induce TCOF1 degradation, 24 h after plating, 

cells were treated with DMSO or 100 nM dTAG-13 for 4 days, replacing media once 2 days 

after the initial treatment. For these experiments, cells were plated at low seed densities to 

account for the 4 days of treatment. For immunofluorescence assays in 24-well plates, cells 

were seeded at 12,500 cells per well. For western blots in 6-well plates, cells were seeded at 

75,000 cells per well.

Western blotting—Cells were collected for whole cell protein lysate using RIPA buffer 

(150 mM NaCl, 5 mM EDTA, 50 mM TRIS pH 8.0, 0.5% Sodium deoxycholate, 1% NP-40, 

0.1% SDS) with 1x cOmplete protease inhibitor cocktail (Sigma Aldrich, 11697498001) and 

1 mM PMSF (ThermoFisher Scientific, 36978). Lysate was sonicated using a BioRuptor 

300 for 5 min (5 cycles of 30 s on, 30 s off) and cleared by taking the supernatant after 

spinning at 15,000 × g. Total protein concentrations were measured by Bradford Assay 

(Thermo Fisher Scientific, 23246), and 50 μg of total protein was run on a Tris-glycine 

polyacrylamide gel. Transfer to a methanol-activated PVDF membrane was run in Tris-

glycine buffer (1x Tris glycine, 10% methanol, 0.05% SDS) at 40 V for 16 h at 4°C. After 

transfer, membranes were blocked in 5% milk in PBST (1x PBS, 0.1% Tween 20) for 1 h 

and blotted with primary antibody (anti-TCOF1, Protein-tech, 11003–1-AP; anti-HA, Cell 

Signaling (C29F4), 3724S; anti-Tubulin, Thermo Scientific, MA5-16308) overnight at 4°C. 

Membranes were then blotted with secondary antibodies (anti-rabbit, Invitrogen, 32260; 

anti-mouse, Invitrogen, 32230) for 1 h at room temperature, developed using SuperSignal 

West Femto (Thermo Scientific, 34096), and imaged on a Bioanalytical Imaging System 

model c500 (Azure Biosciences).

Fluorescence microscopy—Glass coverslips (Fisherbrand, 12-545-80 or 12-541-001) 

were placed in 24-well plates (Genesee Scientific, 25–107) and coated in 3 μg/mL of 

fibronectin (EMD Millipore, FC010) for 30 min at room temperature. HeLa cells were 

seeded in each well at 50,000 cells per well. 24 h after seeding, the cells were transfected 
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with GFP-tagged protein plasmids using Lipofectamine 2000 (Invitrogen, 11668027). Each 

well was transfected using 100 ng of plasmid and 1 μL of Lipofectamine 2000 in a total of 

50 μL of OptiMEM (Gibco, 31985070) according to the Lipofectamine 2000 instructions. 

For co-assembly experiments, 100 ng of each plasmid (200 ng total) was transfected using 

the same mix. For Figures S1 and S3D–S3E, 200 ng of plasmid was transfected.

Cells on glass coverslips were collected for immunofluorescence 48 h after transfection. 

Cells were collected by washing with 1x PBS (Genesee Scientific, 25–508) and fixation 

in 4% paraformaldehyde (PFA) for 15 min at room temperature, followed by another 3 

washes with 1x PBS. In experiments with costaining for markers by immunofluorescence, 

cells were permeabilized and blocked by incubation in blocking buffer (1% BSA (w/v), 

0.1% Triton X-100 (v/v), 1x PBS) for 1 h at room temperature. Coverslips were then 

incubated overnight at 4°C in a 1:100 dilution of primary antibody (anti-UBTF, Novus 

Biologicals, NBP1-82545; anti-POLR1A, Novus Biologicals, NBP2-56122; anti-Fibrillarin, 

EMD Millipore, MABE1154; anti-MPP10, Novus Biologicals, NBP1-84341; anti-Nucleo-

phosmin, Abcam, ab86712; anti-TCOF1, Novus Biologicals, NBP1-86909; anti-HA, 

Invitrogen, 26183) in blocking buffer. After 3 washes with blocking buffer, coverslips 

were incubated for 2 h in a 1:1000 dilution of secondary antibody (anti-rabbit Alexa 647, 

Invitrogen, A-27040; anti-mouse Alexa 647, Invitrogen, A-32728, anti-mouse Alexa 488, 

Invitrogen, A-32723). Coverslips were washed 3 times with blocking buffer, and then once 

with 1x PBS. Nuclei were then stained with a 1:1000 dilution of Hoechst 33342 (Thermo 

Scientific, 62249) for 15 min, then washed twice with 1x PBS, and mounted on glass slides 

using ProLong Diamond antifade mountant (Invitrogen, P36961). Slides were sealed using 

clear nail polish, allowed to dry, and stored at 4°C.

Slides were imaged on either an Olympus FV1200 Laser Scanning confocal microscope 

or a DeltaVision 2 TIRF microscope. All partition and size analyses were performed 

using images from the Olympus FV1200 confocal microscope. Quantification of 5-EU 

incorporation in Figure S2F was performed using images from the Olympus FV1200 

confocal microscope; all other images of 5-EU incorporation were performed on the 

DeltaVision 2 TIRF microscope. Costains of transfected human cells were imaged on 

either microscope. Co-assembly experiments were imaged on the DeltaVision 2 TIRF 

microscope. Zebrafish cells derived from injected embryos were imaged on the DeltaVision 

2 TIRF microscope. The same set of exposure conditions (one exposure per channel) 

was used across all slides within the same experiment. For images taken on Olympus 

FV1200, maximum projections across the z axis of acquired images were made using Fiji 

(https://imagej.net/software/fiji/)35 and used for any further analyses. For images taken on 

DeltaVision 2 TIRF microscope, deconvolution and max projection was performed using 

softWoRx software. Representative images were shown.

Transmission electron microscopy (TEM)—Cells were seeded in 6-well cell culture 

plates. Upon collection, media was removed from the plates and immediately fixed using 

2.5% Glutaraldehyde 2.5% Paraformaldehyde in 0.1 M sodium cacodylate buffer at pH 

7.4 (Electron Microscopy Sciences, 15949) for at least 1 h at room temperature before 

embedding.
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For embedding, fixative was removed and the cells were washed twice in 0.1 M Sodium 

Cacodylate buffer, pH 7.4. Then, the cells were incubated in 1% Osmium tetroxide (OsO4)/

1.5% Potassium ferrocyanide (KFeCN6) for 30 min, washed twice in water, and once in 

50 mM Maleate buffer, pH 5.5 (MB). The plate was then incubated in 1% uranyl acetate 

in MB for 30 min followed by one wash in MB and two washes in water and subsequent 

dehydration in grades of alcohol (5 min each; 50%, 70%, 95%, 2 × 100%). Following 

the washes, cells were removed from the dish in propyleneoxide, pelleted at 3000 rpm 

for 3 min and incubated overnight in a 1:1 mixture of propyleneoxide and TAAB Epon 

(TAAB Laboratories Equipment Ltd, https://taab.co.uk). The following day the samples 

were embedded in TAAB Epon and polymerized at 60°C for 48 h.

Ultrathin sections (about 60–80 nm) were then cut on a Reichert Ultracut-S microtome, 

picked up on copper grids, stained with lead citrate and examined in a JEOL 1200EX 

Transmission electron microscope at 4000X. Images were recorded with an AMT 2k CCD 

camera and representative images were shown.

In vitro transcription of RNA—To generate the RNA for zebrafish microinjections 

in Figure S7H, a construct encoding mEGFP-TCOF1 (RP133) was amplified 

using Q5 DNA polymerase (New England BioLabs, M0491L) reaction mix 

with primers RPO378 (GCGTAATACGACTCACTATAGGGAGACCCAA) and RPO379 

(GTGGATCCGAGCTCGGTACCAA). Products were then run on a 1% agarose gel and the 

gel was extracted using NucleoSpin (Macherey-Nagel, 740588.50) clean up kit according 

to manufacturer specifications. For Figures 4C, 4D, and S7I–S7J, RNA was generated from 

digesting RP133, RP168, or RP226 with BamHI-HF (New England BioLabs, R3136S). The 

product was then purified from an agarose gel and extracted using the NucleoSpin clean up 

kit (Macherey-Nagel, 740588.50).

PCR DNA or digested linearized DNA were used to set up an overnight IVT reaction 

using mMESSAGE mMACHINE T7 ULTRA Transcription Kit (Invitrogen, AM1345). The 

overnight product was then treated with TURBO DNase, from the same mMESSAGE 

mMACHINE Kit. After the DNAse treatment the samples were poly-A tailed using the 

tailing reaction provided in the mMESSAGE mMACHINE Kit. An aliquot of the DNA was 

removed prior to adding E-PAP enzyme, to be run at a later time point on RNA agarose gel 

to confirm band size and act as control for post poly-A tailing reaction. Samples were then 

purified using Zymo RNA Clean and Concentrator kit (Zymo Research, R1016) or Qiagen 

RNeasy Mini kit (Qiagen, 74104).

TCOF1 ortholog search approach and definition—To search for the existence of 

orthologs of TCOF1 in other species, we used the BLAST webtool from UniProt (https://

www.uniprot.org/blast) and NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi), allowing for 

maximal returned hits and no filtering based on low-complexity sequences. Because of the 

low-complexity of human TCOF1, orthologs of TCOF1 were determined based on manual 

assessment of the sequence rather than by alignment coverage. Species which contained 

TCOF1 were defined as species where a sequence from the BLAST results was similar 

to human TCOF1 based on manual dotplot analysis of the LCR relationships within each 

given protein sequence. In particular, TCOF1 orthologs were defined based on the presence 
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of repeat domains containing multiple S/E-rich LCRs and a C-terminal region containing 

K-rich LCR(s).

Dotplot analysis of protein sequence—Self-comparison dotplots of TCOF1 protein 

sequences were generated such that the protein sequence is compared to itself position-by-

position in a matrix, where any identically-matching residues are colored by a pixel. For 

each dotplot, protein sequences were integer-encoded such that each of the 20 amino acids 

corresponds to a unique integer from 1 to 20, inclusive. Two arrays of this sequence x N, 

row-wise and column-wise, were generated, such that each array was a matrix of size N × 

N, where N is the protein sequence length. The two matrices were subtracted such that any 

identical amino acid matches equaled 0 and non-matches were non-zero. The final dotplot 

matrix was generated by replacing any 0 values with 1 and replacing any non-zero values 

with 0. Dotplot matrices were plotted such that values of 1 were colored with a purple pixel.

Injection of zebrafish embryos—Zebrafish were crossed by placing a male and female 

fish in a shared container, but kept physically separate until combined the next morning. 

Embryos were collected for injection 20 min after males and females were combined for 

fertilization. Injection mix consisting of 0.27 μM In vitro transcribed RNA and 0.07% 

Phenol Red solution (Sigma, P0290) was prepared and loaded into needles pulled from 

glass capillary tubing (64–0766). Embryos were injected 1 nL of injection mix using a 

pico-liter injector (Warner Instruments, PLI90A). For co-injection experiments, injection 

mix consisted of 0.27 μM In vitro transcribed mEGFP-TCOF1 RNA, 0.12 μM In vitro 
transcribed mCherry-zfMpp10 RNA, and Phenol Red solution. Single injection control 

mixes for co-injection experiments contained the same amount of individual RNAs as in the 

co-injection mix. Injected embryos and uninjected controls were then incubated in fish water 

at 28°C until collection at approximately 27 h postfertilization (hpf).

Whole-mount imaging of zebrafish embryos—Zebrafish embryos at approximately 

27 hpf were collected, dechorionated using ethanol-sterilized forceps, and moved to fresh 

fish water. Using a transfer pipette, individual embryos were anesthetized by transfer into 

1X Tricane solution, prepared by diluting 25 X Tricane solution (pH 7 solution of 4 

mg/mL Tricane-S (Syndel) and 20 mM TRIS) to 1 X in fish water. Fish were subsequently 

transferred into 1.5% low-melt agarose (Lonza, 50100), and transferred to a clear dish 

suspended in low-melt agarose for imaging. Bright-field and GFP fluorescence images were 

taken on a Leica M205 FCA fluorescence stereo microscope. Images were taken with 

the same settings for all embryos, at 5.5× magnification, and representative embryos were 

shown.

Deriving cells from zebrafish embryos—Cells for immunofluorescence were derived 

from ~27 hpf embryos grown at 28°C. Embryos expressing high GFP signal were selected 

prior to dechorionation. For embryos injected with only mCherry encoding RNA, no 

selection was performed. Embryos were dechorionated, using ethanol-sterilized forceps for 

immunofluorescence or pronase (1 mg/mL) for electron microscopy, and then transferred 

to 1x PenStrep Glutamine (Gibco, 10378016) in 1x PBS (PBS+PSG) for 30 min. Once 

the embryos were dechorionated sterile tubes and pipettes tips were used to minimize any 
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possible contamination to the embryos/cells. Embryos were then transferred to new tubes 

with fresh PBS+PSG. Yolk-sacs were removed through pipetting several times with P200 

pipette. Embryos were then spun at 1200 × g for 2 min at room temperature and the 

supernatant was then discarded. The embryos were then incubated in 300 μL of prewarmed 

.25% Trypsin (Gibco, 25200072) for 30 min at 1000 rpm on a thermomixer (Eppendorf, 

Thermomixer R). The embryos were then pipetted with P200 to further resuspend the 

embryos into single cell suspension and then were spun at 1200 × g for 4 min at room 

temperature. Supernatant was disposed of and the embryos were serially washed with sterile 

PBS (Genesee Scientific, 25–508). Cells were then resuspended in 400 μL of DMEM, 

supplied with 15% FBS (Gemini Bio, 100–106), 1X PSG (Gibco, 10378016) and 1 mg/mL 

gentamicin (Gibco, 15750060) in 24-well cell cultures plates (Genesee Scientific, 25–107) 

with coverslips (Fisher Scientific, 1254580) that were coated with 3 mg/mL fibronectin 

in PBS for at least 30 min prior to plating cells. Cells were allowed to attach overnight 

at 28°C supplied with 5% carbon dioxide prior to 5-EU treatment (3 h at 28°C) and/or 

immunofluorescence staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

Partition and size analysis—Maximum projection images were analyzed to calculate 

average nuclear intensity, the free energy of transfer (ΔGtransfer), and dense phase size 

of GFP-tagged proteins using custom python code (found on zenodo at: https://doi.org/

10.5281/zenodo.7236056). Briefly, nuclei were segmented in the images by applying 

Gaussian blur, followed by thresholding at the mean intensity in the Hoecsht 33342 channel.

The average nuclear intensity for each nucleus was defined as the average nuclear GFP 

signal following background correction, and was used as a proxy for nuclear concentration 

of the GFP-tagged protein. Background signal was defined as the 75th percentile of GFP 

signal in nuclei of an untransfected sample. This background value was subtracted from 

the GFP intensity of all images of transfected samples within the set of images taken with 

identical settings. GFP signal beyond this point refers to the background corrected GFP 

signal.

To calculate ΔGtransfer, which is a measurement of the energy of partitioning into the dense 

phase, the dense and dilute phase were determined by segmenting the GFP channel using 

Otsu thresholding. Nuclei in which the Otsu threshold was below an intensity value of 

100 were considered untransfected cells and excluded from analysis. This threshold was 

determined by manually checking that untransfected cells were excluded based on the value 

of the threshold. Any nuclei with overexposed pixels in the GFP channel were also excluded 

from analysis. For partition analysis, dense phase concentrations were defined as the 90th 

percentile GFP intensity within the segmented region, and dilute phase concentrations were 

defined as the median GFP intensity outside of the segmented region. ΔGtransfer was then 

calculated using the following equation:

ΔGtransfer = RTIn Kpartition ; Kpartition = dense pℎase concentration
dilute pℎase concentration
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where R is the gas constant 1.987 × 10−3 kcal K−1 mol−1 and T = 310.15 K. Dense phase 

size was defined as the number of pixels in the dense phase as segmented above.

In some nuclei, the low intensity of dilute phase after background correction resulted in 

noisy partition coefficient calculations, so we used a minimum dilute phase intensity cutoff 

intensity of 6 to mitigate this. ΔGtransfer was not calculated for nuclei which did not pass 

this cutoff, as this calculation requires a dilute phase signal. However the dense phase size 

calculation does not require a dilute phase signal, and as such this calculation was still 

performed on these nuclei. As a consequence, the number of nuclei used for the ΔGtransfer

calculation for some experiments is smaller than the number of nuclei used for the dense 

phase size calculation.

Fits for partition analyses were performed using the regplot function in seaborn, with “logx 

= True” for ΔGtransfer plots, and “logx = False” for dense phase size plots. For all fits, 95% 

confidence intervals are shown.

For the TCOF1ΔSE construct, partition analysis could not be performed due to 

colocalization with microtubules in cells with high expression of the construct (Figure 

S6B). This microtubule co-localization is reflected in the images following max projection, 

confounding quantification of dilute and dense phases.

Image quantification of nascent transcription in nucleoli—Nascent transcription 

in nucleoli was measured by incorporation of 5-ethynyl uridine (5-EU) in cells using a 

Click-iT RNA Alexa Fluor 594 Imaging Kit (Fisher Scientific, C10330), according to the 

manufacturer’s recommended protocol except where noted in the following. Briefly, cells 

were plated on fibronectin-coated glass coverslips in 24-well plates, as described in the 

respective sections above. On the day of collection, cells were incubated in 1 mM 5-EU 

for 3 h (unless noted otherwise) at 37°C. After 5-EU incorporation, cells were washed once 

with 1x PBS, and then fixed in 4% paraformaldehyde for 15 min at room temperature. 

Permeabilization, Click reaction to covalently attach Alexa 594, and washes were all 

done as recommended by the kit. After washing the Alexa 594 Click reaction, but before 

Hoechst 33342 nuclear staining, cells were stained for nucleolar marker MPP10 using the 

immunofluorescence and imaging methods as described above.

To quantify nascent transcription in cells, nuclei of cells were segmented, followed by 

segmentation of nucleoli, and measurement of 5-EU Alexa 594 signal using custom 

python code (found on zenodo at: https://doi.org/10.5281/zenodo.7236056). Using max 

projection images, nuclei were segmented using the Hoechst 33342 channel as previously 

described above, and nucleoli were segmented using the MPP10 channel by performing 

Otsu thresholding on nuclear MPP10 signal. Then, for each nucleus, the amount of 

nascent transcription in nucleoli was calculated as the average 5-EU intensity within 

MPP10 segmented region(s). Background correction was performed by subtracting the mean 

nucleolar 5-EU intensity of a sample that was not treated with 5-EU. These data were then 

plotted to compare different cell lines and conditions. A two-tailed t test with no assumption 

of equal variance was used to test statistical significance, defined by a p value of less than 

10−3.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• TCOF1 is a self-assembling scaffold necessary for the nucleolar fibrillar 

center (FC)

• Self-assembly of TCOF1 requires homotypic interactions between its S/E-rich 

LCRs

• TCOF1 self-assembly is necessary for its ability to scaffold the FC

• Human TCOF1 is sufficient to form an FC-like condensate in fish, which lack 

an FC
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Figure 1. TCOF1 structurally defines the nucleolar fibrillar center
(A) Transmission electron microscopy (TEM) of a HeLa cell nucleolus with the GC, DFC, 

and FC labeled.

(B) Strategy for endogenous tagging of TCOF1 with the FKBP degron, degradation of 

TCOF1 with dTAG-13, and subsequent TEM.

(C) TEM of WT HeLa cells and TCOF1-degron HeLa cells in DMSO and dTAG-13 

treatment. Scale bar: 1 μm. Inset shows a close up of the region indicated (arrowhead). 

Inset scale bar: 0.2 μm.

(D) Immunofluorescence of endogenous nucleolar markers across varying mEGFP-TCOF1 

levels. Nuclei are outlined (dotted line). Scale bars: 5 μm.

(E) Model of TCOF1 structurally defining the FC and how TCOF1 assembly impacts 

nucleolar sub-compartments.

See also Figures S1–S3.
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Figure 2. TCOF1 displays single-component assembly in cells

(A) Schematic illustrating expected ΔGtransfer and dense phase size trends for multi-

component or single-component assembly behavior.

(B) Quantification of ΔGtransfer and dense phase size vs. average nuclear intensity for 

mEGFP-Fibrillarin. Cells with different expression levels are shown (left). Nuclei are 

outlined (dotted line). Scale bars: 5 μm. n = 66 nuclei for ΔGtransfer, n = 81 for dense 

phase area. Logarithmic and linear fits with 95% confidence intervals are shown.

(C) Same as (B) but for mEGFP-TCOF1. n = 46 nuclei for ΔGtransfer, n = 167 for dense 

phase area.

See also Figure S4.
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Figure 3. TCOF1 structurally defines the FC through self-interacting S/E-rich LCRs

(A) Quantification of ΔGtransfer vs. average nuclear intensity for WT TCOF1 and TCOF1 

mutants with repeat region truncations. WT TCOF1 data are shown on each plot for clarity. 

n= 26 nuclei for WT TCOF1, n = 48 for TCOF1Δ83–1170, n = 25 for TCOF1Δ83–785, n 

= 27 for TCOF1Δ83–502, n = 24 for TCOF1Δ83–286. Logarithmic fits and 95% confidence 

intervals are shown.

(B) Quantification of ΔGtransfer vs. average nuclear intensity for WT TCOF1 and 

TCOF1ΔSE83–785. n = 46 nuclei for WT TCOF1, n = 29 for TCOF1ΔSE83–785.

(C) Localization of GC marker MPP10 with mEGFP-WT TCOF1 or mEGFP-TCOF1DSE. 

Nuclei are outlined (dotted line). Scale bars: 5 μm. Line profiles are of regions indicated by 

the finely dotted line for mEGFP (green) and MPP10 channels (red).
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(D) Fluorescence microscopy of co-assembly experiments in cells. Nuclei are outlined 

(dotted line). Scale bars: 5 μm.

See also Figures S5 and S6.
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Figure 4. Emergence of the fibrillar center can be explained by emergence of TCOF1
(A) Analysis of presence of TCOF1 and FC-containing (tripartite) nucleoli in species 

(green). Tree (left) illustrates evolutionary relationships between species.

(B) Schematic of approach to express TCOF1 in cells derived from zebrafish embryos.

(C) Fluorescence microscopy of cells derived from uninjected zebrafish embryos or from 

zebrafish embryos injected with mEGFP-TCOF1 mRNA or mEGFP-TCOF1Δ83–1170 

mRNA. Nuclei are outlined (dotted line). Scale bars: 2 μm. Line profiles are of regions 

indicated by the finely dotted line for mEGFP (green) and Fibrillarin channels (red).
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(D) Fluorescence microscopy of nucleoli of cells derived from zebrafish embryos injected 

with mCherry-zfMpp10 alone (top) to mark the GZ or co-injected with mCherry-zfMpp10 

and mEGFP-WT TCOF1 (bottom). Scale bars: 1 μm. Line profiles are of regions indicated 

by the finely dotted line for mEGFP (green), Fibrillarin (red), and mCherry (blue).

(E) Model for the emergence and underlying structure of the FC.

See also Figure S7 and Table S1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-TCOF1 Proteintech Cat#11003-1-AP; 
RRID:AB_2202516

Rabbit monoclonal anti-HA (C29F4) Cell Signaling Cat#3724S; RRID:AB_10693385

Mouse monoclonal anti-Tubulin Thermo Scientific Cat#MA5-16308; 
RRID:AB_2537819

Goat polyclonal secondary anti-rabbit HRP Invitrogen Cat#32260; RRID:AB_1965959

Goat polyclonal secondary anti-mouse HRP Invitrogen Cat#32230; RRID:AB_1965958

Rabbit polyclonal anti-UBTF Novus Biologicals Cat#NBP1-82545; 
RRID:AB_11032609

Rabbit polyclonal anti-POLR1A Novus Biologicals Cat#NBP2-56122

Mouse monoclonal anti-Fibrillarin EMD Millipore Cat#MABE1154

Rabbit polyclonal anti-MPP10 Novus Biologicals Cat#NBP1-84341; 
RRID:AB_11026825

Mouse monoclonal anti-Nucleophosmin Abcam Cat#ab86712; 
RRID:AB_10675692

Rabbit polyclonal anti-TCOF1 Novus Biologicals Cat#NBP1-86909; 
RRID:AB_11007370

Mouse monoclonal anti-HA Invitrogen Cat#26183; RRID:AB_10978021

Goat polyclonal secondary anti-rabbit Alexa 647 Invitrogen Cat#A-27040; 
RRID:AB_2536101

Goat polyclonal secondary anti-mouse Alexa 647 Invitrogen Cat#A-32728; 
RRID:AB_2633277

Goat polyclonal secondary anti-mouse Alexa 488 Invitrogen Cat#A-32723; 
RRID:AB_2633275

Critical commercial assays

Click-iT™ RNA Alexa Fluor™ 594 Imaging Kit Fisher Scientific Cat#C10330

mMESSAGE mMACHINE T7 ULTRA Transcription Kit Invitrogen Cat#AM1345

Experimental models: Cell lines

Human: HeLa S3 ATCC ATCC CCL-2.2

Human: TCOF1-degron HeLa Cells - Clone E6 This paper N/A

Human: TCOF1-degron HeLa Cells - Clone E12 This paper N/A

Experimental models: Organisms/strains

Zebrafish: Danio rerio, AB/Tübingen (TAB5/14) genetic background Koch Institute 
Zebrafish Core 
Facility

ZFIN: ZDB-GENO-010924-10

Oligonucleotides

sgRNA: DNA sequence of sgRNA for generation of degron cell line: 
GTATGACGAGCACCAGCACC

This paper N/A

Primer: PCR Screening for degron cell line validation, Forward: 
GCTGGCCTCCAGGGGGCAGGTGAA

This paper RPO335
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: PCR Screening for degron cell line validation, Reverse: 
ACAGGGGACACCAGAGCTGT

This paper RPO338

Primer: Generation of PCR DNA for IVT Template, Forward: 
GCGTAATACGACTCACTATAGGGAGACCCAA

This paper RPO378

Primer: Generation of PCR DNA for IVT Template, Reverse: 
GTGGATCCGAGCTCGGTACCAA

This paper RPO379

Recombinant DNA

pcDNA3.1(+) EGFP-NPM This paper RP14 (NPM1 WT)

pcDNA3.1(+) mEGFP - FBRL This paper RP162 (FBRL WT)

pcDNA3.1(+) mEGFP - RPA43 Lee, Jaberi-Lashkari 
et al.13

RP104 (RPA43WT)

pcDNA3.1(+) mEGFP - TCOF1 Lee, Jaberi-Lashkari 
et al.13

RP133 (TCOF1 WT)

pcDNA3.1(+) mEGFP - TCOF1 ΔSE (ΔS83-E97, S171-S178, D197-D211, E267-
E282, E336-E352, E407-E422, E472-E487, E542-E559, S608-E622, E691-E704, 
E760-E773, E865-E882, D930-E944, S990-D1005, E1141-E1161, E1185-D1195)

This paper RP136 (TCOF1 ΔSE)

pcDNA3.1(+) mEGFP - TCOF1 (ΔS83-G286) This paper RP165 (TCOF1ΔS83-G286)

pcDNA3.1(+) mEGFP - TCOF1 (ΔS83-K502) This paper RP166 (TCOF1ΔS83-K502)

pcDNA3.1(+) mEGFP - TCOF1 (ΔS83-V785) This paper RP167 (TCOF1ΔS83-V785)

pcDNA3.1(+) mEGFP - TCOF1 (ΔS83-H1170) This paper RP168 (TCOF1ΔS83-H1170)

pcDNA3.1(+) mEGFP - TCOF1 (ΔR688-S1234) This paper RP170 (TCOF1AR688-S1234)

pcDNA3.1(+) mEGFP - TCOF1 (ΔR405-S1234) This paper RP171 (TCOF1AR405-S1234)

pcDNA3.1(+) mEGFP - TCOF1 (ΔT167-S1234) This paper RP172 (TCOF1AT167-S1234)

pcDNA3.1(+) mEGFP - TCOF1 (ΔS503-Q687) This paper RP177 (TCOF1ΔS503-Q687)

pcDNA3.1(+) mEGFP - TCOF1 ΔSE 83-785 (ΔS83-E97, S171-S178, D197-
D211, E267-E282, E336-E352, E407-E422, E472-E487, E542-E559, S608-E622, 
E691-E704, E760-E773)

This paper RP192 (TCOF1ΔSE83-785)

pcDNA3.1(+) mCherry - TCOF1 This paper RP197 (TCOF WT)

pcDNA3.1(+) mCherry - TCOF1 ΔSE (ΔS83-E97, S171-S178, D197-D211, 
E267-E282, E336-E352, E407-E422, E472-E487, E542-E559, S608-E622, E691-
E704, E760-E773, E865-E882, D930-E944, S990-D1005, E1141-E1161, E1185-
D1195)

This paper RP198 (TCOFASE)

pcDNA3.1(+) mEGFP - TCOF1 (ΔK1390-K1406, K1438-K1468, K1476-K1483) Lee, Jaberi-Lashkari 
et al.13

RP157 (TCOF1AK)

pcDNA3.1(+) mCherry - zfMpp10 This paper RP226 (zfMpp10 WT)

pSpCas9(BB)-2A-GFP (PX458) Ran et al.34 Addgene: 48138

Software and algorithms

SnapGene N/A https://www.snapgene.com/

Fiji Schindelin et al.35 https://imagej.net/software/fiji;
RRID:SCR_002285

Uniprot BLAST Uniprot https://www.uniprot.org/blast

NCBI BLAST NCBI https://blast.ncbi.nlm.nih.gov/
Blast.cgi

Custom Python code for image analysis This paper https://doi.org/10.5281/
zenodo.7236056
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