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Role of the coilin N-terminal domain and nopp140 in Cajal body formation
Dear Reader,

In the MB&amp;B department, the qualifying exam (QE) consists of a written 12-page NIH
grant style proposal and an oral defense in the Fall of Year 2 (A). In the spring, you

submit a 1-2 page prospectus at your thesis committee meeting (B). Together, these
determine whether or not you advance to candidacy.

(A) QE proposal: My advisor and | collaborated to develop a project idea that was suited
to my scientific interests and within the scope of the lab. | began with the specific aims
page, iteratively garnering feedback from my lab members and then rewriting the page.
This took longer than | anticipated. | subsequently wrote the experimental design
section. | discussed an early draft in list-form with the professors on my QE committee
and made changes based on their feedback. Filling out the experimental design section
with prose was very time consuming - | felt that every claim | made had to be backed up
with rationale from the literature. Not every rationale made it into my written proposal,
but it was a useful exercise in preparing for the oral portion of the qualifying exam.
Finally, | wrote the significance and background section, informed by my experimental
design and various lab grants. No other person read my entire proposal, but friends
gave me feedback on each aim. The department provided a brief seminar about the
specific aims page, and they provided several sample QE proposals, which l used as a
guide for format/structure/style.

(B) Prospectus: | wrote this in a couple of hours. | took some introduction and proposed
next steps from my QE proposal, and briefly summarized the work I’d done thus far.

I willrecommend what was helpful for me:

Ask for feedback during your early stages of writing - from lab members,
committee members, and peers.

2. Follow the format/style of a QE proposal from your department or a lab member
3. Write your QE proposal as a road map for the rest of your PhD. Why are you
proposing the experiment? What will a ‘successful’ result look like? What will you
do if the experiment is not successful? (this is advice was given to me by one of
my committee members)

R

-Sarah Gelles-Watnick
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Abstract

Cajal bodies are nuclear membraneless organelles in which small nuclear
ribonucleoproteins form (1). Coilin is the scaffolding protein essential for Cajal body
formation and maintenance (2,3). Although little is known about how coilin
contributes to Cajal body assembly, its requirement for zebrafish embryo viability
suggests its importance (2). Coilin is targeted to Cajal bodies by its N-terminal domain
(NTD) (4,5). The human coilin NTD consists of 92 amino acids that are predicted to be
structured (5,6). Moreover, coilin NTD is widely believed to self-associate (4,5).
Recent work from the Neugebauer lab showed that coilin NTD proteins interact to
form fibrils (5). However, in proximity to nopp140 protein, coilin NTD proteins
reorganize into spherical biomolecular condensates. From these observations,
Courchaine et al. suggested a model for Cajal body formation in which nopp140
causes coilin fibrils to condense into a liquid-liquid phase separated organelle. Here, |
propose a project to elucidate how coilin and nopp140 interact to form the Cajal
body. My first aim is to use analytical ultracentrifugation and cell lysate co-
immunoprecipitation to investigate coilin NTD self-association. In my second aim, |
will use fluorescence cross-correlation spectroscopy and co-immunoprecipitation to
determine if coilin NTD interacts directly with nopp140 (7). Then, | will probe the
phase separation behavior of coilin NTD and nopp140 in vitro using differential
interference microscopy. For my extended aim, | will use x-ray crystallography to
resolve coilin NTD oligomerization interfaces and use cryo-ET to visualize the Cajal
body in cells.
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Specific Aims

Aim 1: Determine if coilin NTD directly self-associates and if it forms higher-order
oligomers.

Aim 1A:  will determine if coilin NTD directly interacts with coilin NTD. If it does, | will
determine the oligomerization state. | will use fluorescence correlation spectroscopy or
analytical ultracentrifugation on purified coilin NTD. | will use confocal fluorescence
microscopy to visualize any fibrils.

Aim 1B: I will determine if a nucleic acid and/or protein factor contributes to coilin NTD
self-association. | will co-precipitate purified GST-coilin NTD from a mixture with
mammalian cell lysate. | will use next generation sequencing or mass spectrometry to
identify nucleic acid or protein interaction partners, respectively.

Aim 2: Determine if coilin NTD and nopp140 directly interact and if nopp140
reorganizes
coilin oligomers to form liquid-liquid phase separated condensates.

Aim 2A: | will determine if coilin NTD and nopp140 directly bind. If they do, | will
establish their binding affinity and stoichiometry. | will use fluorescence cross-
correlation spectroscopy on purified coilin NTD and nopp140.

Aim 2B: | will determine if the coilin NTD and nopp140 interaction is modulated by a
nucleic acid and/or protein factor. | will co-precipitate purified GST-coilin NTD from a
mixture with mammalian cell lysate. | will use next generation sequencing or mass
spectrometry to identify nucleic acid or protein interaction partners, respectively.

Aim 2C: | will determine if coilin NTD and nopp140 undergo biomolecular condensation.
I will use fluorescence microscopy on coilin NTD and nopp140 in vitro.

Aim 2D: | will determine if biomolecular condensates formed by coilin NTD and nopp140
are liquid-liquid phase separated. | will perform differential interference microscopy on
a mixture of coilin NTD and nopp140, each at a range of concentrations.

Aim 3 (extended aim): | will determine the coilin NTD molecular structure and
visualize Cajal body organization.

Aim 3A (extended aim): | will determine the coilin NTD molecular structure and model
NTD oligomerization. | will use x-ray crystallography to resolve a coilin NTD structure. |
will model coilin NTD oligomerization.

Aim 3B (extended aim): | will visualize protein organization inside the Cajal body. | will

perform cryo-electron tomography to observe the composition of the Cajal body in vivo.
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Significance and Background

Significance: The Cajal body, scaffolded by the coilin protein, plays an integral role in
mammalian development. Two studies demonstrate that development without Cajal
bodies (via coilin) impacts organism viability. Coilin-/- Mus musculus have reduced viability
beginning at developmental stage E13.5, as well as reduced litter size and number.
Similarly, in Danio rerio, coilin depletion dramatically reduces embryo viability (2). Injection
of coilin mRNA or purified small nuclear ribonucleoprotein (SnRNP) rescues embryo
viability. Although prior research has documented the Cajal body’s functional importance
to eukaryotic development, the mechanism by which Cajal bodies are formed is still
unknown. My project will increase our molecular understanding of Cajal body assembly.
These discoveries will have the following important implications for eukaryotic biology,
neurological diseases, and drug discovery: First, studying the Cajal body may reveal
fundamental characteristics about nuclear biomolecular condensation, snRNP biogenesis,
and eukaryotic development. Second, prior research has shown that abnormal Cajal body
numbers co-occur with neurological diseases, including Dentatorubral-Pallidoluysian
Atrophy, Machado-Joseph disease, and spinal muscular atrophy (8). Studying the
mechanism of Cajal body formation could provide insight into these disease states. Finally,
novel therapies could be developed that induce nuclear biomolecular condensate
formation to either sequester specific proteins or to promote protein - protein interactions.
Dewpoint Therapeutics (founded in 2018) isa company based on “condensates’
transformative potential for drug discovery” (9).

SnRNP biogenesis occurs in the Cajal body: Prior research suggests that small nuclear
ribonucleoproteins (snRNPs), components of the spliceosome, are assembled in the Cajal
body. Early studies demonstrated that snRNP proteins and snRNAs are enriched in the
Cajal body (10,11). Later, an in-cell Forster resonance energy transfer (FRET) study
demonstrated that snRNP intermediates are concentrated in the Cajal body (1). In addition,
a study used small interfering RNA to deplete enzymes responsible for complexing U4/U6
with U5, and found that this causes snRNP factor and snRNA buildup in the Cajal body (12).
Further research demonstrated that Cajal body disruption correlates with reduced snRNP
numbers and a smaller percentage of spliced pre-messenger RNAs (2). This phenotype is
rescued upon addition of purified shRNPs.

Coilin scaffolds the Cajal body: This proposal will investigate the role of coilin in Cajal body
assembly. There is ample evidence that coilin acts as the Cajal body scaffolding protein
and is therefore essential for Cajal body formation. Multiple studies have demonstrated
that coilin mRNA depletion disrupts Cajal body formation in HelLa cells (5,13,14). One study
found that coilin depletion in D. rerio embryos causes Cajal body dissolution (the
phenotype was rescued by coilin mRNA injection) (2). Another study demonstrated that
Drosophila melanogaster with non-coding coilin mutants do not form Cajal bodies (3).
These studies suggest that coilin plays an integral role in Cajal body formation.

Coilin domain architecture: The coilin protein is composed of an N-terminal domain (NTD),
a poorly conserved intrinsically disordered region (IDR), and a C-terminal domain (Figure
1A, 1B) (15). Both RaptorX and AlphaFold algorithms predict the NTD to be structured, with
a ubiquitin-
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hk.e fold Figure 1: (A) Domain architecture of coilin. N-terminal domain depicted in blue (Hebert &
(Figure  1C) | Matera 2000), IDR in green, C-terminal domain in red (Xu et al. 2005). (B) AlphaFold model
(5,16,17). of coilin. IDR prediction confidence is “very low”. (B) N-terminal domain has a ubiquitin-
NMR studies |like fold. (C) Residues mutated in Courchaine et al. 2021 that cause disruption of Cajal
bodies (coilin NTD R8A) or long oligomeric structures (coilin NTD R36A).
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Coilin is targeted to Cajal bodies by its NTD: Multiple fluorescence microscopy studies
have provided evidence that the NTD targets coilin to Cajal bodies. One study
demonstrated that a fragment of human coilin containing residues 1-102 localizes to
sphere organelles when injected into Xenopus laevis oocytes, and that a coilin fragment
containing only residues 93-576 is mislocalized (23). Another study used Hela cells to
determine that coilin residues 1-92 are necessary and sufficient to localize the construct to
Cajal bodies (4). Finally, prior research indicated that Cajal bodies are formed in a coilin-/-
mouse embryonic fibroblast (MEF) cell line transfected with coilin 1-97 attached to a
nuclear localization signal. The authors also found that when this cell line is transfected
with coilin residues 97-576 (i.e., a construct lacking the NTD), Cajal bodies do not form (5).
However, one study found contradicting results- they found that any truncation of coilin
causes it to be mislocalized in HelLa cells (24). Most evidence nevertheless suggests that
coilin NTD is at minimum partially responsible for Cajal body formation. Biomolecular
condensate formation typically results from multivalent protein interactions, so itis
probable that coilin NTD, along with its binding partners, contribute to Cajal body
formation (25).
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Coilin self-association through its NTD: Although many studies have shown that
coilin self-associates, no study has determined whether the interaction is direct.
One study used co-immunoprecipitation (co-IP) both in vitro and with cell lysates to
show self-association (4). Another demonstrated that in HeLa cells, Cajal body-
localized coilin molecules are in close proximity by FRET (1). Two studies have
demonstrated that coilin self-association is a function of the NTD. One study used
a two-hybrid system to demonstrate that coilin residues 1-92 are necessary as the
‘bait’ to interact with ‘prey’ coilin (4). In addition, the authors immunoprecipitated
coilin 94-576 (i.e. a construct lacking the NTD) from HelLa extracts and found that it
does not interact with endogenous coilin. The second study used in-cell FRET and
co-IP to determine that NTD point mutant R8A decreases coilin - coilin interactions
(5). This mutation also prevents Cajal body formation in coilin-/- MEFs. These
studies implicated NTD self-association in Cajal body formation. Courchaine et al.,
however, probed further, asking whether self-association into dimers is the only
function coilin NTD serves in Cajal body formation. In coilin deletion MEFs, they
transfected a coilin construct that substitutes a GCN4 dimerization domain for the
NTD (26). They observed no Cajal bodies by immunofluorescence microscopy (5).
This experiment suggests that Cajal body formation requires higher order oligomers
(more than a homodimer) of coilin NTD. In fact, the

authors observed that Cytoplasmlc NTD forms Figure 2: Coil’- MEFs transfected with myc-Coilin NTD. (A) Coilin
what appear to be fibrils (up to 10 pm in length |NTD immunofiuorescence confocal microscopy. Scale bar 10
o . . . um. Dotted lines represent nuclei boundaries. (B) Coilin NTD
and 100 nmin dlameter) (Flgu re 2) (5) This immunofluorescence stimulated emission depletion microscopy.
suggests that coilin may have a propensity (s:)a'nle barz:pm. Reproduced from CO(uBr)chame et al. 2021.
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Coilin NTD interacts with nopp140: To study if coilin NTD heterooligomers are responsible for
Cajal body formation, | will investigate known coilin NTD interaction partners. There are few
known coilin NTD interaction partners (15). Coilin NTD has been shown to interact with RNA
molecules - Arabidopsis thaliana coilin NTD (30% identity with human coilin NTD) interacts
with U1 RNA in vitro (27). Human coilin NTD has been shown to interact with poly-r(G)
homopolymersusing co-precipitation (19). There is one known protein interaction partner-
‘nucleolar and coiled-body phosphoprotein 1’ (nopp140). Nopp140 is a small nucleolar
ribonucleoprotein (snoRNP) chaperone and is essential for Cajal body formation (5,28). A
study used a two hybrid system to demonstrate that nopp140 interacts with coilin 1-161 (29).
Another study used in-cell FRET and co-immunoprecipitation to demonstrate that point
mutations in conserved NTD residue R36A decreases interaction between coilin and nopp140
(5), which suggests that the NTD is responsible for their interaction. They proceeded to show
that decreased interactions between NTD and nopp140 (due to the R36A mutation) prevents
biomolecular condensate formation. This result indicates that the interaction between coilin
NTD and nopp140 may also be important for Cajal body formation.
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Project motivation and innovation: In summary, the coilin N-terminal domain is known to target
coilin to the Cajal body, self-associate, and interact with nopp140. | hypothesize that coilin
NTD engages in higher order homooligomeric interactions, heterooligomeric interactions, or
both homo- and hetero-oligomeric interactions to form the Cajal body. All previous work has
relied almost exclusively on cellular biology and molecular biology techniques, which have not
elucidated the molecular mechanism of Cajal body formation. For my project, | will use
purified proteins and molecular tools to answer the following questions- Does coilin NTD
directly bind to other coilin NTD molecules? What proteins or nucleic acids mediate the coilin
NTD - coilin NTD interaction? What is the oligomerization state of the coilin NTD complex?
Does coilin NTD directly bind to nopp1407? If so, is the interaction a strong or weak one? What
proteins or nucleic acids mediate the interaction? Does coilin NTD interaction with nopp140
change coilin NTD condensation behavior? And how does this condensation behavior translate
into Cajal body organization in vivo?
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Experimental Design

Aim 1: Determine if coilin NTD directly self-associates and if it forms higher-order
oligomers.

To perform these experiments, | will need to purify coilin NTD. | will use amino acids 1-92

to represent the NTD for two reasons. First, experimental data supports the importance of
these amino acids in localization of coilin to Cajal bodies (4,5,23). Second, the full-length coilin
AlphaFold prediction shows that the entire predicted folded region of the NTD is contained
within amino acids 1-92 (16). | will use glutathione S-transferase (GST) both as an affinity tag
for purification and as a solubilization aid in case the fusion protein proves to be aggregation-
prone. The GST tag (27 kDa) is much smaller than another commonly used solubility tag,
maltose-binding protein (MBP, 43 kDa), so it may be less likely to disrupt the structure of the
small coilin NTD (10.3 kDa). Because GST dimerizes with a dissociation constant <1 nM, | will
cleave the GST tag before performing binding/oligomerization measurements (30). While E. coli
does not reproduce mammalian post-translational modifications (PTMs), there are no PTMs
within the first 92 residues of human coilin (15,22). Therefore, | will use an Escherichia coli
expression system to produce large amounts of coilin.

I will clone GST- human coilin 1-92 into an pGEX expression vector. After inducing protein
expression in E. coli, | will purify the protein using reduced-glutathione affinity
chromatography. This will be followed with a Tev protease GST cleavage and size-exclusion
chromatography (SEC). Then, | will assess the protein purity by SDS-PAGE and densitometry
analysis.

Thus far, | have successfully

purified ~200 pg GST-coilin 1-92 Figure 3: SDS-PAGE analysis of GST-hCoilin 1-92, produced by E. coli expression
. and GST-affinity batch purification. Induced at 1 mM (lanes 2-5) and 0.2 mM (lanes
from 250 mL E. coli culture 6-9) IPTG. ek
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After purification, | will use mass spectrometry (MS) to confirm that the purified protein is
coilin NTD. Because the coilin structure is unresolved, | cannot conclusively establish that my
purified construct is folded correctly. However, | will use circular dichroism to measure the
alpha and beta sheet content of coilin and compare this to the predicted secondary structure
(81). I will also use differential scanning fluorometry to ensure that the hydrophobic core is
intact (as described in Huynh & Partch 2015) (32). For these folding validation experiments, |
will use purified GST alone as a positive control and denatured GST-coilin 1-92 as a negative
control (33).
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I will also produce a fluorescently-labeled coilin 1-92 for studies that rely on fluorescence. | will
create a new coilin 1-92 construct in which two of the three cysteines are mutated to serines.
After the expression, purification, and validation of folding as described above, | will conjugate
a small organic fluorophore to the sole cysteine through maleimide labeling. There is not an
ideal way to verify that the fluorophore is not impeding with coilin NTD function (because there
is no functional assay). However, as evidence that the fluorophore is not interfering, | will
compare size exclusion chromatograms (in terms of shape and peak humber) of labeled and
unlabeled coilin 1- 92. Similar chromatograms will suggest that the fluorophore is not
interfering with oligomerization behavior. If the results differ, | will select a different cysteine to
conjugate the fluorophore to.

The Neugebauer lab has identified two useful single amino acid mutants (Figure 1C):

Coilin R8A decreases both nopp140- coilin NTD interaction and coilin NTD - coilin NTD
interaction. Cells transfected with coilin R8A are unable to form condensates or fibrils in the
nucleus and cytoplasm (5). Coilin R36A decreases nopp140 - coilin NTD interaction, but not
coilin NTD - coilin NTD interaction. Cells transfected with coilin R36A forms fibrils in the
cytoplasm and nucleus (similar to those observed in Figure 2) (5). | plan to purify these mutant
proteins following the method described above.

Aim 1A: [ will determine if coilin NTD directly interacts with coilin NTD. If it does, | will determine
the oligomerization state.

Coilin NTD self-association plays a role in Cajal body assembly, but thus far the interaction
has not been characterized as direct, and the oligomerization state is unknown. | hypothesize
that coilin NTD directly self-associates, and that coilin NTD forms oligomers. | will use the size
exclusion chromatogram from the purification described above as a preliminary assessment of
coilin NTD self-association. | will include globular protein standards of various molecular
weights in the size exclusion purification. | will compare the peak(s) in the coilin NTD
chromatogram to the peak for control coilin 1-92 R8A which should be a homogenous,
monomeric species. If thereare a few well-defined peaks in the size exclusion chromatogram, |
will be able to determine the number of species and an approximation of their molecular
weights. | will then use fluorescence correlation spectroscopy (FCS) or analytical
ultracentrifugation sedimentation velocity (AUC SV) to determine the protein oligomerization
state more precisely (34,35). As a negative control, | will use purified coilin 1-92 R8A, which is
expected to be a homogenous coilin NTD monomer population.

| have proposed both FCS and AUC SV as alternative approaches, as one technique may

be more suitable depending on the protein behavior. One shortcoming of FCS is that it requires
that the protein be attached to a fluorophore. This may interfere with self-association. A
shortcoming of AUC SV is that it requires substantially more protein. My yield may not be
adequate for this technique.

The size exclusion chromatogram may have broad, poorly defined peaks. This suggests

that there is direct self-association, but that there may be higher-order oligomers, irreversible
aggregates, or fast-exchange kinetics between coilin NTD species. | will proceed to confocal
microscopy to visualize if macroscopic fibrils or aggregates are forming in vitro (as was
observed in cells in Courchaine et al. 2021) (5). If macroscopic structures can be observed, |
will dilute the sample to determine if the protein forms oligomers (concentration-dependent,
reversible) or aggregates (typically irreversible). If macroscopic structures cannot be observed,
I will use FCS to precisely identify the coilin NTD oligomerization state.
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If the size-exclusion chromatogram has no peaks and the amount of protein is

greatly decreased after SEC, | will conclude that coilin 1-92 did not come off the column at all. If
this is the case, | will use an alternate purification strategy to separate cleaved GST from coilin 1-
92. Instead of SEC, | will use reverse GST affinity purification (coilin 1-92 should be in the
flowthrough rather than elution) and proceed with the confocal microscopy described above.

Aim 1B: | will determine if a nucleic acid and/or protein factor contributes to coilin NTD self-
association.

Coilin NTD is known to have RNA and protein interaction partners (5,15,19,27,29). It is

possible that the self-association previously observed is indirect and is therefore mediated by
another factor or is direct but is modified by another factor. In this subaim, | will try to identify
factors that mediate the interaction. | will mix purified GST-coilin 1-92 with Neuro2a cell lysate,
then use glutathione-linked beads to affinity-precipitate GST-coilin 1-92 (36). | willimmunoblot the
precipitated proteins for native coilin to validate that coilin NTD interacts with native coilin. | chose
Neuro2a cells because the Neugebauer lab typically uses them to study the Cajal body, they are
easy to grow (doubling time is reasonable, cells are adherent), and they are a relevant cell type for
future neuronal disease study (8,37). | will also affinity-precipitate GST alone to eliminate non-
specific or GST-specific interactions. As a negative control, | will use GST-coilin 1-92 R8A which
should not interact with endogenous coilin molecules (5).

I will repeat the affinity-precipitation experiments and test whether lysate treatment with
deoxyribonuclease (DNase) or ribonuclease (RNase) alters the precipitation of endogenous coilin
by coilin NTD. If it does, | will attempt to extract the nucleic acid from the precipitated sample and
perform next generation sequencing to determine if the interaction is sequence-specific. Then, |
will use MS to identify potential protein mediators of the interaction. If a large number of proteins
are precipitated, | will use a glycerol gradient to isolate protein complexes that contain both GST-
coilin NTD and native coilin. This strategy may eliminate proteins that form smaller complexes with
coilin NTD that don’t include native coilin. Then, | will use MS to identify the protein mediators.l
will validate direct binding of the nucleic acid and/or protein to coilin NTD using an in vitro binding
assay with the purified components — | can use an electrophoretic mobility shift assay (EMSA) or
AUC SV for a nucleic acid or protein mediator, respectively. If the mediator is not a previously
known Cajal body component, | will use fluorescence in situ hybridization (FISH) or
immunofluorescence microscopy to confirm that the component colocalizes with coilin in the Cajal
body in vivo (38).

If the GST-coilin NTD affinity precipitation yields no protein partners, | will use cross-linking

to capture weaker interactors. However, this issue is unlikely because in previous experiments,
GFP-coilin was successfully immunoprecipitated and coilin was present in the blot (5). If
crosslinking does not work, | will assume that the GST tag obstructs NTD interaction sites. | will try
to purify coilin 1-92 with a smaller tag such as a FLAG or His tag, or | will move the tag to the
C-terminus.
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Aim 2: Determine if coilin NTD and nopp140 directly interact and if nopp140 reorganizes
coilin oligomers to form liquid-liquid phase separated condensates.

| will express and purify nopp140 as reported in Kim et al. 2003. Briefly, the authors used

an IPTG-inducible E. coli expression system. The purification consisted of cation-exchange
chromatography followed by SEC. They used casein kinase Il to ensure nopp140 is properly
phosphorylated (39,40). The authors confirmed the protein identity by MS and SEC and reported
ayield of 5 mg purified protein per liter culture (7). | will demonstrate that nopp140 is properly
folded by confirming its binding to doxorubicin, a known interactor (41). | will also produce
fluorescently labeled nopp140 using the same cysteine conjugation method described in Aim 1.
Soluble nopp140 may be difficult to produce in E. coli because nopp140 is predicted to be
intrinsically disordered and has many PTMs (5,16,39,40). E. coli lacks mammalian PTM
machinery and chaperones that may aid nopp140 folding. If this occurs, | will use insect cells or
mammalian cells to express nopp140.

Aim 2A: | will determine if coilin NTD and nopp140 directly bind. If they do, | will establish their
binding affinity and stoichiometry.

Previous studies demonstrated that coilin NTD interacts with nopp140 (5,29). | want to determine
if coilin NTD and nopp140 directly bind, and if this interaction contributes to the liquid-

liguid phase separation (LLPS) behavior of the Cajal body. In Aim 2A, | will test the hypothesis that
coilin NTD and nopp140 directly bind. | will use fluorescence cross-correlation spectroscopy
(FCCS) to characterize the coilin 1-92 — Nopp140 interaction (provided coilin NTD is soluble and
not a fibril from Aim 1A) (34). As a negative control, | will use coilin 1-92 R36A, which should not
interact with nopp140 (but does form fibrils in cells, and maintains coilin -coilin interactions) (5).
From FCCS, | will be able to determine the binding stoichiometry of coilin NTD and nopp140,
which should better inform our current molecular model of Cajal body assembly. FCCS may also
reveal coilin NTD - nopp140 binding affinity.

If Aim 1A suggests that coilin NTD forms fibrils in vitro, | will not be able to use FCCS to
demonstrate coilin NTD — nopp140 direct interaction. Instead, | will use confocal fluorescent
microscopy to visualize colocalization of fluorescently-tagged nopp140 with coilin NTD fibrils. If
they colocalize, | will conclude that direct binding occurs. As a negative control, | will use coilin
NTD R36A which should not colocalize with nopp140.

Aim 2B: | will determine if the coilin NTD and nopp140 interaction is modulated by a nucleic acid
and/or protein factor.

Coilin NTD has RNA and protein interaction partners (15,19,27). Therefore, it is possible

that the coilin NTD and nopp140 interaction is mediated or modulated by another factor. In this
subaim, | will identify other factors that modify the coilin NTD — nopp140 interaction. Similar to
Aim 1B, | will affinity-purify GST-coilin NTD and its partners from its mixture with Neuro2a cell
lysates using glutathione magnetic beads (36). | will perform a western blot to determine whether
nopp140 is a co-precipitant. | willuse GST alone to eliminate non-specific or GST-specific
interactions. As a negative control, | will use coilin 1-92 R36A (preserves coilin - coilin interactions
but has decreased coilin - nopp140 interactions).
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| will repeat the GST-coilin NTD precipitation and test whether treatment by DNase or RNase alters
the precipitation of native nopp140 by coilin NTD. If it does, | will extract the nucleic acid from the
precipitated sample and perform next generation sequencing, to see if the interaction is sequence
specific. | will also use MS to identify potential protein interaction mediators. If too many proteins
are precipitated, | will run the co-precipitated proteins on a glycerol gradient to isolate protein-
complexes that contain both GST-coilin NTD and native nopp140. This strategy will eliminate
proteins that comprise smaller complexes lacking native nopp140. Then | will proceed to MS
identification. | will validate direct binding of nucleic acid/protein to coilin NTD and nopp140
independently using an in vitro binding assay with the purified mediators — | can use an EMSA or
AUC SV for a nucleic acid or protein mediator, respectively. Then, if the mediating factor interacts
with both nopp140 and coilin NTD independently, | will try to characterize the coilin NTD —
mediator — nopp140 oligomer formation using the same technique. If the mediatoris not a
previously known Cajal body component, | will use FISH or immunofluorescence microscopy to
confirm that the component colocalizes with coilin in the Cajal body in vivo. Then, | will proceed to
Aim 2C using coilin NTD, nopp140, and the mediating factor.

Aim 2C: | will determine if coilin NTD and nopp140 undergo biomolecular condensation.

Courchaine et al. demonstrated that coilin — coilin dimerization is not sufficient for Cajal

body formation (5). | hypothesize that the direct interaction of coilin NTD oligomers with nopp140
causes Cajal bodies to form in vivo. In this subaim, | will test whether coilin NTD - nopp140
interaction is necessary and sufficient for biomolecular condensate formation in vitro. | will use
confocal fluorescence microscopy on a mixture of concentrated fluorescently-tagged coilin NTD
and nopp140 to visualize biomolecular condensates. | will use samples of coilin NTD and nopp140
independently to confirm that condensation results from both proteins rather than just one or the
other. | will use coilin 1-92 R8A and R36A as negative controls that should not form biomolecular
condensates.

| may see no condensation at achievable protein conditions. These in vitro conditions may
lack the molecular crowding that takes place in the cell nucleus. To address this, | could add
nonreactive molecular crowders, such as polyethylene glycol (42), to artificially mimic the
crowded conditions inside the nucleus.

Aim 2D: | will determine if biomolecular condensates formed by coilin NTD and nopp140 are
liquidliquid phase separated.

Cajal bodies and sphere organelles are believed to be LLPS (43-46). | will test if coilin

NTD is responsible for Cajal body LLPS, in cooperation with nopp140. If the coilin NTD and
nopp140 interaction begets biomolecular condensation (from Aim 2C), | hypothesize that these
droplets are LLPS. Although there is not field-wide consensus about how to conclusively identify
LLPS, I will use the following criteria: there is a clear phase diagram (with critical LLPS
concentrations), there are fusion/budding events, and the condensates have similar protein
concentrations (25,47-49).
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concentrations), there are fusion/budding events, and the condensates have similar
protein concentrations (25,47-49).

First, | will use differential interference microscopy on an in vitro mixture of coilin NTD
and nopp140, each at a range of concentrations (25,50). | will compute the phase
separated protein fraction and use a binary decision (phase separated yes or no) to
construct a phase diagram (similar to Li et al. 2012) (50). This will include coilin NTD at
various concentrations in the absence of nopp140 (and vice versa, nopp140 without
coilin NTD), which will be a control to ensure that the condensation behavior is truly
dependent on the nopp140 - coilin NTD interaction. | will use coilin NTD R8A as a
negative control, which should form not condensates. Second, | will observe

the sample over time to record fusion or budding events (25). Third, from the
fluorescence microscopy study described in Aim 2C, | will calculate if the condensates
have consistent concentrations of each component (47). | will use fluorescence
intensity divided by volume as a proxy for protein concentration.

Aim 3 (extended aim): | will determine the coilin NTD molecular structure and
visualize Cajal body organization.

Aim 3A (extended aim): | will determine the coilin NTD molecular structure and model
NTD oligomerization.

Because Courchaine et al. found non-nuclear coilin NTD fibrils, | hypothesize that coilin
forms fibrils in isolation (5). If this is true, coilin NTD most likely forms heterologous
homooligomers. | will test this hypothesis by solving the coilin NTD structure and
modeling coilin NTD self-association. | chose x-ray crystallography instead of single-
particle cryo-electron microscopy (cryo-EM) because cryo-EM is suited to larger
proteins/complexes (51). However, if coilin NTD forms fibrils, it may be impossible to
attain crystals suitable for diffraction. If this occurs, the fibrils should be big enough to
use cryo-EM, provided they are electron-dense structures and not too flexible (similar
to actin polymer helical structure resolved by cryo-EM from Chou & Pollard 2019) (52).

I will use a solubility screen as in Jancarik et al. 2004 to determine the buffer conditions
in which purified coilin NTD is most soluble (53). Based on the results, | will use liquid-
handling automation to set-up a hanging-drop vapor-diffusion crystallization screen
(54). If  am unable to crystallize coilin NTD, | will attempt to crystallize the NTD with a
solubility tag, such as GST or MBP. | can also try a different crystallization method, like
sitting drop or free interface counter diffusion. | will optimize the crystallization
conditions and then use an x-ray source to collect diffraction patterns from a rotating
crystal. | will then computationally convert the diffraction patterns into a 3D electron
density map.

| will identify interfaces involved in oligomerization, which can be validated by
performing crystallography with the expected monomer coilin NTD R8A. With this
model, | will be able to discern whether coilin NTD forms isologous or heterologous
interactions. If the model demonstrates isologous interactions, | will conclude that the
oligomers are smaller order oligomers (e.g. dimer or trimer). If the model demonstrates
heterologous interactions, | will conclude that the oligomers are higher order oligomers
(e.g., fibrils).
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Sufficient structural resolution will enable the visualization of individual residue
sidechains. | will be able to identify coilin NTD - coilin NTD specific and non-specific
interactions (from crystal contacts) and model oligomerization with amino acid
resolution. | will test whether identified residues are important to oligomerization with
single residue mutagenesis studies to disrupt coilin NTD oligomerization.

X-ray crystallography requires a solution to the phase problem. Because coilin does not
share sequence similarity with other proteins (except for the sphere organelle protein
SPH-1, which does not have a solved structure), | cannot use a homologue model (55). |
could use the AlphaFold coilin NTD prediction, but this would be a very biased approach
(16). Instead, | will use isomorphous replacement or heavy-metal soaking to solve the
phase problem.

Aim 3B (extended aim): | will visualize protein organization inside the Cajal body.

One may assume that the Cajal body is

somewhat disordered, as is characteristic of Figure 4: “Coiled-thread” morphology of the
some LLPS membraneless organelles (25). Cajal body observed from silver-stained rat
However, the Cajal body was originally called neuron electron microscopy. Reproduced

the “coiled-body” by some researchers due the | from Lafarga et al. 1995.
apparent regularly spaced coiled threads with H

400-600 angstrom diameters that Calal BOdy
composed the Cajal body (Figure 4) (56,57). | .

want to determine the degree of protein
organization in the Cajal body and how Cajal
body composition differs from other nuclear
membraneless organelles (e.g., the nucleolus).
I will use cryo-electron tomography to try to
resolve Cajal body protein organization patterns
in three dimensions. | will use cryo-
fluorescence confocal microscopy to locate the
3D coordinates of Cajal bodies in cells with
GFP-tagged coilin. | will use cryo- focused ion
beam milling to create lamellae. | will proceed
to the electron beam and collect a projection
tilt-series. | will reconstruct Cajal body internal
composition, similar to how Huang et al.
resolved plant nuclear LLPS organelle
organization (58,59). If | see fibril-like structures
in the Cajal body structure, | will perform cryo-
ET on a cell line containing GFP-coilin R36A,
which forms fibrils in the nucleus. | will attempt
to use the fibril structure to understand the
potential fibril-like organization of the Cajal
body
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“Determining the molecular mechanism of Cajal body formation”
MB&B Prospectus
Sara Gelles-Watnick
Advisor: Karla Neugebauer

The Cajal body, site of small nuclear ribonuclear protein biogenesis, plays a vitalrole in
vertebrate development (1,2). Beyond increasing our understanding of the biochemistry of
the Cajal body and other nuclear biomolecular condensates, studying the Cajal body can
provide insights into disease states with abnormal Cajal body phenotypes (3). Although prior
research has documented the functional importance of the Cajal body, the molecular
mechanism by which Cajal bodies are formed is still unknown.

There is ample evidence that coilin, the first Cajal body protein identified, is essential for
Cajal body formation (1,4-7). Most evidence suggests that specifically the coilin N-terminal
domain (NTD) self-associates and is responsible for Cajal body formation (8,9). My co-
authors and | have demonstrated that the NTD of coilin is necessary and sufficient for Cajal
body formation using fluorescence microscopy on mammalian cells transfected with coilin
truncation constructs. We have identified an additional protein, Nopp140, to be necessary
for Cajal body formation via Nopp140-targeting siRNA. We have determined that both coilin
NTD - coilin NTD and coilin NTD — Nopp140 interactions are necessary for Cajal body
condensation in vivo, using acceptor photobleaching FRET and fluorescence microscopy on
cells expressing coilin NTD point mutants that disrupt these interactions. | plan to elucidate
the details of these interactions in vitro and propose a molecular model for Cajal body
formation.

| have produced recombinant coilin NTD from Escherichia coli. | will produce Nopp140
and the coilin NTD alanine mutants we characterized in vivo as a negative control. | will use
analytical size-exclusion chromatography with standards of known molecular weight to

determine whether the coilin NTD directly binds other coilin NTD molecules and Nopp140.
From this data, | will also determine the oligomerization state of coilin NTD and whether this
is altered in the presence of Nopp140. | will use affinity precipitation of GST-tagged coilin
NTD from mammalian cell lysate combined with mass spectrometry or deep sequencing to
determine whether other biomolecules mediate the coilin NTD — coilin NTD or the coilin NTD
—Nopp140 interactions. Using these techniques, | hope to determine the minimum
components and interactions sufficient for Cajal body formation in vitro.

When the components have been identified, | will use time-lapse fluorescence

microscopy and fluorescence recovery after photobleaching (FRAP) to determine if coilin
NTD and Nopp140 (along with any other necessary components) form liquid-liquid phase
separated droplets in vitro. This work will elucidate the molecular interactions necessary for
Cajal body formation.
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