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ABSTRACT 
 
Noncoding RNAs are increasingly recognized as central, structured components 

in the clockwork of life which interact with and regulate proteins.  However, 
our mechanistic understanding of these interactions is currently limited. This 
study investigates the recognition of structured RNAs by two essential 

enzymes, proteinaceous RNase P (PRORP) and lysine-specific demethylase-1 
(LSD1).   

 
PRORP binds and cleaves human mitochondrial precursor tRNAs in a 
fundamental step for the generation of mature mitochondrial transcripts.  The 

enzyme recognizes specific structured domains of the pre-tRNAs in a manner 
similar to but distinct from the unrelated nuclear RNase P complex.  PRORP 

likely binds pre-tRNA substrate via the pentatricopeptide repeat (PPR) domain, 
an element that is found in a number of mitochondrial proteins.  Structures of 
PPR domain proteins in complex with ssRNAs have previously been determined 

but PRORP appears to recognize RNAs through a discrete, shape-dependent 
manner.  In order to move towards a crystal structure of the PRORP-RNA 

complex, minimal constructs were generated and biochemically validated with 
binding studies and in vitro activity assays and used in crystallization studies.   
 

LSD1 modulates gene expression through enzymatic histone demethylation 
and also serves as a protein scaffold in various large protein complexes.  Long 

noncoding RNAs (lncRNAs) regulate chromatin modifiers such as LSD1 through 
a number of mechanisms.  The lncRNA telomeric repeat-containing RNA 

(TERRA) has previously been demonstrated to recruit LSD1 to deprotected 
telomeres where it promotes the recruitment of the nuclease MRE11.  Here, it 
is shown that LSD1 specifically recognizes the G-quadruplex structure formed 

by TERRA and other RNAs and a G-quadruplex RNA binding region is identified 
in the regulatory SWIRM domain of LSD1.  Together, these studies advance 

our understanding of the role of structured RNAs in RNA/protein interactions. 

 

 

Note: Portions of this dissertation are reprinted with permission from 
Structural Roles of Noncoding RNAs in the Heart of Enzymatic Complexes 
(Martin WJ, Reiter NJ. ACS Biochemistry, 2017) and G-quadruplex RNA binding 

and recognition by the lysine-specific histone demethylase-1 enzyme (Hirschi 
A,* Martin WJ*, Luka Z, Loukachevitch LV, Reiter NJ. RNA, 2016;22(8):1250-

60) *Co-1st authors. 
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CHAPTER 1 

Introduction 
 

1.1: Role of Structure in RNA Biology 

Over billions of years of evolution, nature has embraced proteins as the major 

workhorse molecules of the cell. However, nearly every aspect of metabolism 

is dependent upon how structured RNAs interact with proteins, ligands, and 

other nucleic acids. Key processes, including telomere maintenance, RNA 

processing, and protein synthesis, require large RNAs that assemble into 

elaborate three-dimensional shapes. These RNAs can (i) act as flexible 

scaffolds for protein subunits, (ii) participate directly in substrate recognition, 

and (iii) serve as catalytic components. 

Noncoding (nc) RNAs were instrumental in the evolution of the genetic code 

and likely served as key progenitor molecules for all life forms.1–3  Examining 

the compositions of a few of these ancient RNAs, from the analyses of 

sequence conservation to secondary and tertiary structure determination, has 

yielded tremendous insight into our understanding of RNA biology. Detailed, 

biophysical studies of these RNAs in isolation or as part of a ribonucleoprotein 

complex have revealed a high degree of structural diversity, illuminating how 

large RNAs assemble into defined tertiary architectures and interact with their 

protein partners at the atomic level.4 These structural studies serve as 

paradigms for improving our understanding of the versatile roles of RNAs and 
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the emerging functional roles of newly discovered ncRNAs in the modern 

world. 

RNA molecules possess several evolutionary advantages that allow them to 

serve as a central regulatory molecule in the cell. Unlike proteins, RNAs can 

utilize both shape-based recognition and intermolecular base pair interactions 

with RNA and DNA to provide specificity.5 In an almost symbiotic relationship, 

RNA can also act as a scaffold that bring proteins together and direct them to 

a nucleotide substrate while the proteins in turn stabilize RNA structures. 

(Figure 1) This added stabilization by conserved protein–RNA interactions 

plays a central role throughout the ribonucleoprotein (RNP) assembly process 

and fortifies key RNA conformations during the reaction cycle. 

This work focuses on the role of RNA tertiary structure in two separate 

systems: the processing of pre-tRNAs by RNase P and the recruitment of the 

epigenetic regulator lysine-specific demethylase-1 (LSD1) to chromatin.  Both 

processes depend upon the recognition of structured RNAs by proteins and 

represent novel and emerging biological mechanisms.  The following sections 

of this chapter present the biological context of the RNase P and LSD1 

enzymes and highlight the roles played by RNA structure. 
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Illustration of conserved RNA structures in essential RNP enzymes. Dashed lines 

represent base pairs. (A) Two conserved domains (blue and cyan) of the ribonuclease 

P (RNase P) enzyme are separated by 250–350 nucleotides but assemble to form the 

central scaffold, termed the P4 helix. The crystal structure of a bacterial RNase P 

holoenzyme with tRNA (PDB entry 3Q1Q) is shown, with the P4 helix (blue and cyan), 

active site metal ion location (magenta spheres), surrounding the P RNA structure 

(gray), and P protein (blue-white surface).6 (B) An asymmetric internal stem–loop 

structure (green and lime) from the U6 small nuclear RNA (termed the U6 ISL) helps 

to form the activated spliceosome core. The cryo-EM-derived minimal structure is 

shown, with U6 ISL (green/lime), active site metal ions (magenta), surrounding 

snRNAs (gray), and protein components (blue-white surface) (PDB entry 5LJ3).7 (C) 

The telomerase RNA component (TR) utilizes a conserved pseudoknot, where a stem–

loop structure (red) intercalates with a single-stranded region (pink). This structural 

element is central to the assembly of an activated telomerase holoenzyme. A 

pseudoatomic experimental model of the catalytic core of the Tetrahymena telomerase 

illustrates the location of the pseudoknot (red/pink), the approximate active site metal 

(magenta), surrounding TR (gray), and core protein components (blue-white surface).8  

Figure adapted from Martin and Reiter, 2017.9 

  

Figure 1: Structured RNA scaffolds are at the Core of RNP Complexes.  
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1.2: RNase P: An Ancient Ribozyme and Modern Protein Enzyme 

Structured RNAs in RNA Processing 

RNase P is an RNP complex composed of an essential RNA ribozyme subunit 

and one or more protein subunits required for its enzymatic function in vivo. 

Aside from the ribosome, RNase P constitutes the only known example of a 

multiple-turnover RNA enzyme that is required for cell viability in all domains 

of life.10,11  Newly transcribed precursor tRNA (pre-tRNA) contains excess 

nucleotides at its 5′ and 3′ ends. The 5′ leader region is removed by RNase P, 

whereas the 3′ tail extension can be trimmed or cleaved by various protein 

enzymes.11 Because of its vital role in cell metabolism, the bacterial RNase P 

RNP complex is a prime target for novel antibiotics.12 

 

Numerous structural and biochemical studies have demonstrated that the large 

RNA component of RNase P can display versatility in terms of substrate 

recognition and that its functional complexity is comparable with that of 

multidomain protein enzymes.11,13 The RNase P RNP complex not only 

catalyzes the maturation of the 5′ end of tRNA but also can exhibit broad 

specificity and act on many different RNAs, including viral and phage RNA, 

mRNAs, noncoding RNAs, rRNA, and riboswitches.13 RNase P targets substrates 

that mimic portions of the distinctive tRNA secondary structure, termed t-

elements.11 Eukaryotic RNase P acts on t-element substrates which fold into 

structures containing analogs of the tRNA leader stem and T-domain stem-

loop.14 For example, mammalian long ncRNAs that contain tRNA-like elements, 

such as MALAT1 and NEAT1, undergo processing and become activated via an 
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RNase P-mediated mechanism.15  Cleavage at specific RNase P-defined sites 

generates a triple helix at the 3’ end, creating a polyadenylation-independent 

mechanism for stabilizing the 3’ end of RNAs. This functionality can be 

artificially exploited to direct RNase P to cleave viral or disease-associated 

transcripts.16 External guide sequence RNAs or antisense oligonucleotides can 

be designed to hybridize with transcripts of interest so as to fold into an 

intermolecular tRNA-like structure and serve as an RNase P substrate; this 

approach can be more specific than RNase H approaches, though it has been 

overshadowed by CRISPR advances in recent years.17,18  The following study 

investigates the substrate specificity of an alternative, recently characterized 

human RNase P enzyme to determine how it recognizes structural motifs of 

pre-tRNAs and how it compares with the classical RNase P.  

 

Proteinaceous RNase P 

In 1988, a 5’ tRNA-processing agent was observed in spinach chloroplast that 

was insensitive to nuclease treatment and exhibited density consistent with a 

protein enzyme, indicating that some organelles process pre-tRNAs through a 

ribozyme-free mechanism.19  Distinct substrate specificity between the human 

nuclear and mitochondrial enzymes provided an additional indication of an 

alternative RNase P enzyme.20  However, similar magnesium dependence in 

the mitochondrial and nuclear enzymes and the potential for small amounts of 

nuclear RNase P RNA contamination in mitochondrial extracts raised skepticism 
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of the existence of a proteinaceous RNase P until the human mitochondrial 

RNase P complex was conclusively identified and biochemically characterized in 

2008.21,22,23  The complex consists of three subunits, termed mitochondrial 

RNase P proteins 1, 2, and 3 (MRPP1, MRPP2, and MRPP3).  MRPP1 and MRPP2 

also have dehydrogenase and methyltransferase functions, respectively, and 

are also called 3-hydroxyacyl-CoA dehydrogenase type-2 and tRNA 

methyltransferase 10C.21  For simplicity, this manuscript will refer to the 

proteins as MRPP1 and MRPP2. 

The catalytic component of the human mitochondrial complex is proteinaceous 

RNase P (PRORP).  PRORP requires the presence of MRPP1 and MRPP2 for full 

activity in humans although the A. thaliana homolog functions as a single 

subunit.24  It is essential for life, and the loss of the gene in knockout mice is 

embryonically lethal.25   

 

RNase P: An extraordinary case of convergent evolution 

The broad mechanistic similarities between the two enzymes underscore the 

remarkable convergent evolution of the distinct RNase P enzymes.  This 

convergence is best demonstrated by the remarkable ability of the A. thaliana 

PRORP to functionally substitute for the endogenous RNA-based RNase P in 

both yeast and bacteria.26,27  It appears that the catalytic mechanisms of the 

ribozyme and proteinaceous forms of RNase P enzymes are similar, wherein 

both utilize two metal ions to perform a concerted hydrolytic cleavage 
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reaction.6,28 (Figure 2).  One metal (M1) serves to position and activate a 

hydroxide nucleophile, while a second metal (M2) stabilizes the transition state 

and coordinates the oxyanion leaving group. However, while the RNA-based 

RNase P mechanism consistently proceeds through inner-sphere coordination 

between the metals and the (pro-)Rp nonbridging oxygen of the target 

phosphate, PRORP coordinates with the (pro-)Sp oxygen.22,29 (Figure 2) 

The RNA and protein enzymes also appear to exhibit general similarities and 

specific differences in terms of substrate recognition.  Both enzymes bind the 

TψC loop of the T-domain of pre-tRNA substrate, but biochemical data suggest 

that PRORP relies on interactions around the pre-tRNA cleavage site less than 

the RNA-based enzyme.6,27,30  Human and A. thaliana PRORP enzymes likely 

utilize the pentatricopeptide repeat (PPR) domain to bind the RNA substrate 

but it is currently unknown how this domain interacts with structured RNA 

molecules.31,32  Small angle X-ray scattering studies and analysis of point 

mutations suggest putative RNA-protein interactions, yet deeper insights into 

the mechanism of pre-tRNA recognition by PRORP await further structural 

studies.31,33 
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Figure 2: Structure and Mechanisms of RNase P Enzymes. 
(A) A. thaliana PRORP1 crystal structure: the putative RNA-binding PPR domain (dark 

blue) is structurally connected with the catalytic NYN nuclease domain (green) by the 

central zinc-binding domain (cyan).  The catalytic aspartates are colored purple. PDB: 

4G26.28  (B) Crystal structure of T. maritima bacterial RNase P enzyme in complex 

with tRNA substrate reveals tRNA binding through interactions between the specificity 

domain and T-loop and acceptor stem-loop. PDB: 3Q1Q6 

 

Bottom: Current model of pre-tRNA cleavage by proteinaceous RNase P and RNA-

based RNase P.  The enzymes bind two catalytic metal cations, typically magnesium, 

through inner-sphere coordination with (C) conserved catalytic aspartates or (D) 

uridine residues and backbone phosphates.  In addition to the metals, water molecules 

help stabilize the active site.  Figure adapted from Howard et al., 2015, and Liu et al., 

2017.28,34 
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In addition to better understanding the biology of pre-tRNA processing, 

studying the mechanics of proteinaceous RNase P holds larger implications for 

human health.  There are a large number of pathological point mutants in 

mitochondrial tRNAs although the pathogenesis is largely unknown.35  Many of 

the human mitochondrial proteins in addition to PRORP utilize PPR domains, 

and only a few RNA-bound PPR-domain structures have been determined.36–38  

The existing complexes are all with single-stranded RNAs, so it remains to be 

seen how the highly degenerate PPR protein sub-domain interacts with highly 

structured pre-tRNA substrates. An initial goal of my graduate career was to 

structurally define how the PPR domain of the protein-only RNase P interacts 

with tRNA. 

 

1.3: TERRA: A Structured RNA at Telomeres 

The ends of DNA pose unique problems for cells.  Telomeres at the ends of 

chromosomes must be sequestered to prevent being recognized by and 

activating the DNA damage response pathways.39  The 3’ DNA strand is slightly 

longer, resulting in a 3’ overhang.  The shelterin complex folds the overhang 

back into the DNA by organizing the telomere into a large protected structure 

termed a T-loop. (Figure 3) 

 

Telomeres shorten with each cycle of DNA replication in a phenomenon called 

the end replication problem.  This causes genes to erode over a sufficient 

number of replication cycles, which can serve as a check on excessive 

proliferation. The telomerase enzyme elongates the telomeres through reverse 
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transcription by using an RNA template, resulting in a repetitive telomere 

sequence.  This DNA sequence is conserved in vertebrates as TTAGGG, a 

sequence which readily forms G-quadruplex (GQ) structures.40–42 (Figure 4) 

The repetitive G-rich sequence, abundance of G-quadruplexes, and shelterin 

complex are all challenging elements for the DNA replication complex. During 

the cell cycle process, telomeres are remodeled to allow the DNA replication 

complex to pass through.  One of the regulators of telomere protein 

composition is the recently discovered telomeric repeat-containing RNA 

(TERRA).43 TERRA transcription begins during the G1 stage of the cell cycle 

and RNA levels decrease throughout the S-phase.44 Transcription begins in the 

subtelomeric region and extends into the telomeric repeats, resulting in 

transcripts of varying length.  In humans most TERRA originates from the 20q 

chromosome locus and is dispersed from there to the other chromosomes.45  

Deletion of the 20q locus in human cell lines results in a large decrease in 

TERRA levels, shortening and deprotection of telomeres in general, and a 

strong reduction in viability, emphasizing that TERRA is a functional lncRNA.45 
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Figure 3: Telomere T-Loop Blocks the DNA Damage Response.  

Top: The overhanging 3’ telomere overhang strand invades the DNA duplex to form a 

T-loop structure.  The shelterin complex organizes the T-loop structure and protects it 

from the DNA damage response initiator complexes ATM and ATR.   

Bottom: Disruption of the T-loop structure and a decrease in the shelterin complex 

makes the telomere susceptible to the DNA damage response and promotes TERRA 

transcription.46  Figure adapted from Longhese, M.P., 2008.39 
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RNA G-Quadruplex Formation 

The telomeric repeats are known to fold into G-quadruplex (GQ) structures, 

intra- or inter-strand arrangements which consist of planar stacks of 

Hoogsteen-bound DNA or RNA guanosine tetrads.47,48 (Figure 4)  The tetrads 

are stabilized by monovalent ions, with potassium generally producing more 

stable structures than sodium.  The linker regions connecting the guanosine 

stretches may be parallel or antiparallel in DNA G-quadruplexes.   However, 

the extra hydroxyl group on the RNA ribose restricts the conformational space 

compared with DNA, allowing only the formation of parallel G-quadruplexes 

and resulting in a more uniform topology among different RNA 

quadruplexes.49–51   The 2’ hydroxyl also forms intra-strand hydrogen bonds 

and help to organize the surrounding water, providing increased stability.51 

The loop sequences of G-quadruplex RNAs are variable in both sequence and 

length. G-quadruplex stability decreases with increasing loop length, with 

single nucleotide linkers being the most stable and cytidine nucleotides slightly 

destabilizing G-quadruplex formation.49,50    Still, even sequences with loops 

approaching 15 nucleotides have been shown to possess the ability to form G-

quadruplexes in vitro at physiological temperatures.50   
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Figure 4: RNA G-Quadruplex Structure. 

The GQ structure is formed by four stretches of guanosine triplets/tetrads which 

interact via Hoogsteen base pairing.  The triplets are connected by linker regions 

(pink), though GQ RNAs may also be intermolecular.  The structure must be stabilized 

by monovalent cations, usually potassium or sodium, which sit in the middle of the GQ 

where they help counteract the concentrated negative charge. 
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While it is undeniable that RNAs form G-quadruplexes in vitro, a recent paper 

from Dr. David Bartel’s group cast doubt on the ability of RNAs to fold into G-

quadruplexes in vivo.52  The study used DMS and 2-methylnicotinic acid 

imidazolide (NAI) to probe G-quadruplex forming sequences in vitro and in cell 

culture, and found that while G-quadruplexes can fold in isolated RNA they are 

generally unfolded and available for modification in living cells.  It is possible 

that G-quadruplexes exist only transiently, folding and re-folding, or only form 

in certain subcellular environments.  Still, Bartel’s conclusions are difficult to 

reconcile with the large body of evidence for the existence and function of G-

quadruplexes in mammalian cells, as described below. 

 

Functions of RNA G-Quadruplexes 

Putative G-quadruplex forming elements are found throughout the genome 

and transcriptome, and are enriched at the regulatory 5’ and 3’ UTRs of 

mRNAs while being depleted in coding sequences compared with the expected 

occurence.52,53  Immunofluorescence using G-quadruplex specific antibodies 

confirms the presence of G-quadruplexes in both the nucleus and cytoplasm.54  

The signal is RNase sensitive and amplified by application of RNA G-quadruplex 

binding small molecules, confirming the specificity of the antibody signal.  

5’ UTR G-quadruplexes are generally repressive, though a number of genes 

have conserved G-quadruplexes in the 5’-UTR which appear to promote 

translation as part of the cap-independent internal ribosome entry site.55–58  
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While the mechanisms are not clear, G-quadruplex RNAs are thought to exert 

their function through a number of G-quadruplex binding proteins.59 Fragile X 

mental retardation protein (FMRP) is among the best characterized RNA G-

quadruplex binding proteins.  The FMRP protein regulates the localization and 

translation of target mRNAs and is critical for proper neural function.60,61  

Numerous cross-linking studies have found an enrichment of putative G-

quadruplex forming sequences in target mRNAs.60,61  Studies have found that 

FMRP binds to G-quadruplexes 5’ of the translational start site of target 

transcripts, including the FMRP transcript, and represses translation.62,63   

The arginine-glycine rich (RGG) motif of FMRP provides the only structure of a 

natural peptide in complex with an RNA G-quadruplex (PDB 5DE5).64  The 

structure shows that the RGG peptide does not contact the G-quadruplex 

directly, but rather binds the transition between the duplex RNA and the G-

quadruplex.  These GQ-binding motifs contain clusters of the sequence RGG 

and are involved in both RNA and DNA binding. Other RNA binding proteins, 

such as the RGG-containing nucleolin protein, also bind both RNA and DNA G-

quadruplexes.65,66  At this time it is too early to speculate on whether other 

RNA G-quadruplex binding proteins employ similar binding mechanisms. 

In 2014, Dr. Joachim Lingner reported that disruption of the shelterin complex 

induces the transcription of TERRA RNA which binds the protein lysine-specific 

demethylase-1 (LSD1).46  The TERRA-LSD1 complex then recruits the DNA 

repair nuclease MRE11, which trims the overhang to resemble a blunt double-
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stranded DNA break.  The process is thought to promote non-homologous 

recombination of telomeres, leading to chromatin instability.   

How does this interaction affect cell biology, and does the specific TERRA-LSD1 

interaction serve a purpose in the cell?  How common is this RNA-based 

recruitment strategy?  This dissertation begins to answer how TERRA recruits 

LSD1 and whether additional RNAs might recruit the LSD1/CoREST complex to 

other regions of the genome.   

 

1.4: Epigenetic Regulation of Gene Expression by LSD1 

While LSD1 functions as a molecular scaffold at telomeres, it is best known as 

an essential epigenetic regulator. Dr. Yang Shi characterized LSD1 as the first 

known histone demethylase in 2004, demonstrating that histone methylation 

is a reversible and dynamic modification.67 The LSD1 functions are vital, as 

demonstrated by the arrest of LSD1 knockout mouse embryos at only 7.5 

days.68  While it has many gene targets and functions, its general biological 

role is epigenetically reprogramming cells during differentiation, especially 

embryonic stem cells.69  LSD1 is an oncogene which is commonly misregulated 

in a number of cancer types such as leukemia and non-small cell lung cancer, 

and is a significant therapeutic target.70–72  A number of small-molecule LSD1 

inhibitors are under development for cancer treatments.73  A better 

understanding of LSD1 regulation has the potential to aide in the identification 

of the ideal candidates for LSD1 therapy and more specific targeting of LSD1 
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complexes. 

Effects of Histone Demethylation 

Histone methylation is a relatively subtle histone modification.  Unlike 

phosphorylation and acetylation, it does not directly alter the residue’s charge 

or significantly affect its interaction with DNA.  Instead, histone methylation 

influences the chromatin state and transcription by regulating the recruitment 

of reader proteins and histone modifying proteins.  It is associated with both 

heterochromatin and euchromatin, and its transcriptional effects are highly 

context-dependent.74 

LSD1 acts upon mono- and dimethylated H3K4 and H4K9, two of the more 

commonly methylated histone residues.  However, LSD1 knockdown also 

affects H3K4 trimethylation at target genes.75  As many H3K4 

methyltransferases cannot catalyze all the steps from H3K4 to H3K4me3 on 

their own, H3K4me1/2 are intermediates for the generation of H3K4me3.76 

H3K4 methylation is strongly associated with active enhancers and 

transcriptional start sites (TSS).  H3K4 is predominantly trimethylated around 

the TSS but transitions to H3K4me2 further out, with mostly H3K4me1 

modifications ~1 kb from the transcription start site.77  Once deposited, 

methylated H3K4 recruits a variety of histone remodelers, transcription 

factors, and components of the RNA polymerase preinitiation complex to 

promote transcription.78,79   

In contrast, H3K9 methylation is typically associated with heterochromatin and 
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gene repression.  H3K9me3 is specifically recognized by heterochromatin 

protein 1 (HP1), which oligomerizes on chromatin to bridge nucleosomes and 

organize histones into heterochromatin.80,81  However, while H3K9me2/3 are 

primarily found at silent genes, H3K9me1 is actually present at many active 

promoters.77  Therefore, H3K9 demethylase activity is primarily viewed as 

disinhibiting of gene expression but in certain circumstances it may actually be 

repressive. 

 

Relationship between LSD1 and Related Demethylases 

LSD1 is a member of the flavin monoamine oxidase protein family, a group of 

proteins which oxidize various amines using the cofactor FAD.82 (Figure 5)  

While histones are its the best known substrates, LSD1 also catalyzes the 

removal of methyl groups from a number of other proteins including DNA 

methyltransferase 1 (DNMT1) and the cell cycle regulatory proteins p53, E2F1, 

and myosin phosphatase target subunit 1 (MYPT1).83–86  Demethylating specific 

lysine residues of these proteins alters their stability and function, allowing 

LSD1 to indirectly modulate cell fate, proliferation, and gene expression. 

Additional histone demethylases have come to light since the discovery of 

LSD1. (Table 1)  Jumonji domain-containing histone lysine demethylases 

utilize an alternative, iron-dependent mechanism that uses alpha-ketoglutarate 

as a cofactor in place of FAD.82,87 (Figure 5)  Unlike LSD1, the Jumonji domain 

proteins can use trimethylated lysine as substrate in addition to di- and 



 

 

19  

monomethylated residues and have a range of specificities.   

LSD1 also has one human homolog, LSD2.  While LSD2 also demethylates 

H3K4me2, it forms distinct complexes from LSD1 and localizes to the coding 

region of genes instead of promoters.88,89  The mouse LSD2 has been 

demonstrated to also demethylate H3K9me2 in an NF-ĸB dependent manner.90  

LSD2 contains a zinc finger region not found in LSD1 that provides it with the 

potential to directly target and bind histones without the assistance of 

additional proteins.  The zinc finger domain is also likely to function as an E3 

ubiquitin ligase, making LSD2 an exceptionally versatile enzyme.91  

 

LSD1 Forms Larger Chromatin-Modifying Complexes 

Since LSD1 lacks the zinc finger of LSD2, it must form complexes with other 

proteins and RNAs in order to bind target genes.  LSD1 contains a long, alpha-

helical region termed the tower domain which is tightly bound by the 

corepressor of RE1 silencing transcription factor (CoREST).92 CoREST is likely 

constituently bound to LSD1; it stabilizes LSD1 and its absence results in lower 

LSD1 levels.93  CoREST also promotes substrate binding and the formation of 

larger protein complexes.  This is accomplished with the aid of two SANT 

domains in CoREST which are involved in chromatin binding.  While LSD1 is 

able to demethylate short histone peptides on its own, it requires CoREST in 

order to bind and demethylate nucleosomes.93,94   
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There are three high-homology CoREST paralogs termed CoREST 1,2, and 3, 

and while most studies- including this one- have focused on the more 

prevalent LSD1/CoREST1 complex, all three proteins are capable of binding 

LSD1.95,96  Whereas the CoREST homologs have high conservation, the 

different LSD1/CoREST complexes have discrete functions and varying ability 

to complex with additional proteins.96 

LSD1/CoREST forms a variety of complexes that regulate its localization and 

activity.  The LSD1/CoREST complex associates with histone deacetylases 1 

and 2 (HDAC1/2) through CoREST to form a repressive complex which inhibits 

the transcription of target genes.97,98  HDAC1/2 are highly homologous and 

largely redundant.99  By removing acetyl groups from histone lysines HDACs 

promote tighter binding of DNA, resulting in heterochromatin formation and 

generally repressing transcription. The LSD1/CoREST/HDAC complex is 

cooperative both in vitro and in vivo, and H3K4 demethylation and H3 

deacetylation activity is inhibited by the absence or inhibition of either LSD1 or 

HDAC1.98 

The LSD1/CoREST/HDAC complex can in turn bind the transcriptional 

corepressor C-terminal binding protein 1 (CtBP1) to form a larger 

complex.100,101 The core of the CtBP1 complex is thought to include LSD1, 

CoREST, and histone deacetylases 1 and 2 (HDAC1/2).97  CtBP1 functions as a 

molecular bridge between transcription factors such as zinc finger proteins, 

which provide specificity for regions of chromatin, and epigenetic regulators 

such as LSD1 which directly modify the ‘histone code’ by catalytically altering 
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the methylation and acetylation state of histones.100  The targeting of the 

CtBP1/LSD1/CoREST/HDAC1/2 complex by zinc finger proteins has been 

shown to regulate tissue differentiation and oncogenesis in vitro and in 

vivo.68,102,103 The complex suppresses target genes, at least in part by LSD1-

induced demethylation of H3K4me1/2. 

Although LSD1/COREST only demethylates H3K4 in vitro, it can also act upon 

H3K9 when bound by certain proteins.42,67,94,104  The androgen receptor is a 

transcription factor which regulates a variety of genes involved in cell 

proliferation and communication by binding to androgen response elements, 

which are typically located near the transcriptional start sites of genes.105  The 

androgen receptor normally regulates tissue development but is also a critical 

driver of prostate cancer.  In the presence of a receptor agonist the androgen 

receptor binds LSD1 and serves as a transcriptional activator by removing 

repressive H3K9 mono/di-methyl groups at androgen receptor target sites.104  

Similarly, the zinc finger transcription factor RREB1 and estrogen-related 

receptor  have both been shown to form a complex with LSD1 and broaden 

its specificity to include H3K9me1/2 both in cell culture and in vitro.106,107  
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Table 1: Lysine Demethylase Enzymes. 

 

 
 

 
 

 
 
 

 
 

 
 

 
 
 

 
 

 
 
 

          
Adapted from Hamamoto et al., 2015.108  

Family Enzymes Mechanism Histone 

Substrate 

LSD1  LSD1 (KDM1A) Flavin-dependent monoamine 

oxidase 

H3K4 and H3K9 

LSD2 (KDM1B) 

UTX UTX (KDM6A)  

 

 

Fe(II)- and 2-oxoglutarate-

dependent oxygenase 

H3K27 

JARID  JARID1B 

(KDM5B) 

H3K4 

JMJD  

 

 

JMJD1A 

(KDM3A) 

H3K9 

JMJD2A 

(KDM4A) 

H3K9 and H3K36 

JMJD2B 

(KDM4B) 

H3K9 

JMJD3 (KDM6B) H3K27 

Figure 5: Mechanism of LSD1 and JmjC-class Demethylases. 
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LSD1-RNA Complexes 

lncRNAs have long been known to recruit histone regulators to chromatin, the 

most notable instance being the lncRNA X inactive specific transcript (Xist).  

Xist coats the inactive X chromosome and uses a repetitive, structured repeat 

sequence termed RepA to recruit polycomb remodeling complex 2 (PRC2); 

PRC2 lays down repressive H3K27me3 marks to begin the silencing of most of 

the X-chromosome.109   

In 2010 Dr. Howard Chang published a groundbreaking paper demonstrating 

that the lncRNA HOX transcript antisense intergenic RNA (HOTAIR) can 

function similarly in trans.110  HOTAIR is transcribed from the HOX C gene 

locus on chromosome 12, tethers PRC2 and LSD1/CoREST to form an RNP 

complex, and translocates to chromosome 2 where PRC2 and LSD1 silence the 

HOX D cluster.  Combined with the increased recognition of the scope and 

tissue-specificity of lncRNA expression following the publishing of the ENCODE 

project, this ignited an interest in lncRNAs as critical epigenetic regulators 

which use sequence and structure to recruit protein complexes.111  

In 2009 it was demonstrated by RNA immunoprecipitation followed by 

microarray analysis (RIP-Chip) that a significant proportion of lncRNAs are 

physically associated with CoREST and PRC2, though it is not clear whether 

LSD1 was complexed with the CoREST.112 A survey of RNA-binding proteins 

was then published in 2016 by Dr. John Rinn’s group using a new technique 

termed formaldehyde RNA immunoprecipitation (fRIP).113  This method uses 
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formaldehyde to covalently cross-link RNA/DNA with proteins and the complex 

is then immunoprecipitated.  The method has significant potential for false 

positives due to the possibility of inadvertent co-immunoprecipitation of other 

RNA-binding proteins in complex with LSD1.  The study is dependent on the 

specificity of the LSD1-targeting antibody, but it provides some information 

about the nucleic acid binding properties of LSD1-containing complexes.  LSD1 

was found to associate with significantly more DNA than RNA, as might be 

expected for a chromatin remodeling protein.  The RNAs which 

immunoprecipitated with LSD1 were primarily mRNAs and LSD1 preferentially 

bound exons.  

There is no clear functional role for this observed mRNA binding by LSD1, and 

further work is required to validate the finding.  Biochemical studies have 

focused on lncRNA-LSD1 interactions, and found that LSD1 is recruited to 

specific genes in an RNA-dependent manner and then regulates gene 

expression by either H3K4 or H3K9 demethylation.114–117  This dual specificity 

may reflect the recruitment of different LSD1-containing protein complexes by 

various RNAs or direct regulation of LSD1 by bound lncRNAs. 

Although RNA has been shown to recruit LSD1 to gene targets, many 

unknowns remain.  The RNA binding domain of which interfaces with the 

lncRNAs in unknown, and it is not clear whether these RNA interactions are 

occurring through LSD1 directly, CoREST, or another factor in one of the LSD1 

complexes.  The determinants that dictate which RNAs are bound by LSD1 also 

remain poorly defined.  Finally, it has not been clearly demonstrated what 
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effect, if any, RNA has on LSD1 catalytic activity and substrate specificity.  The 

following study investigates these questions regarding the mechanisms of 

TERRA-RNA interactions using a variety of structural biology and biochemical 

approaches.  
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Figure 6: Overview of Approach. 

Flowchart of the general strategies described in this manuscript that were used 
to better characterize the binding of proteinaceous RNase P/LSD1 with 

structured RNAs. 

  

PRORP
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Conduct Crystal Screens

LSD1

Characterize RNA Specificity 
(Binding Assays)

Identify Binding Site

(UV XL-MS)

Identify New RNA Targets 
(PAR-CLIP)
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CHAPTER 2 

Substrate Recognition by Proteinaceous RNase P 
 

2.1 Introduction 

tRNAs and the Mitochondrial Transcriptome 

Transfer RNAs (tRNA) are transcribed with excess nucleotides at the 5’ and 3’ 

ends.  The surplus oligonucleotides, termed the 5’ leader and 3’ trailer 

sequences, must be cleaved at the appropriate location to allow further tRNA 

processing and aminoacylation.  The 5’ leader is typically cleaved first by the 

RNase P enzyme, followed by removal of the 3’ leader by RNase Z.118  This 

ensures a uniform acceptor stem for subsequent aminoacylation.  A ribozyme 

RNase P enzyme was likely present in the last common ancestor and is found 

in all domains of life, though some species have either replaced it with an 

unrelated protein or, in rare instances of severely constricted genomes, 

dropped the need for RNase P altogether by tightly regulating the start of tRNA 

transcription at the desired nucleotide.24,119,120  

 

Human mitochondria present one such example of the replacement of the 

RNA-based RNase P by an alternative protein, PRORP.  PRORP is a nuclear-

encoded protein present is higher eukaryotes and is transported to human 

mitochondria.121  The reason for the loss of the ancient RNA-based enzyme is 

unclear, but may be related to evolutionary pressures to reduce the organelle’s 

genome. The emergence of a proteinaceous RNase P was not inevitable, as 

evidenced by the continued use of ribozyme RNase P in the mitochondria of 
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other eukaryotes such as S. cerevisiae which encodes the RNA ribozyme in the 

mitochondrial genome and imports a nuclear-encoded protein cofactor.122   

 

When the human mitochondrial genome was sequenced, it was found that 

mitochondrial tRNAs (mt-tRNA) do not adhere to the same rules as nuclear 

tRNAs.123  Human mt-tRNAs lack many of the conserved sequences and 

tertiary interactions found in nuclear tRNAs, such as the normally 7-nucleotide 

TψC loop ranging from three to nine nucleotides in mt-tRNA.  As these 

noncanonical features are found in human mt-tRNAs but not the more 

conventional mt-tRNAs of S. cerevisiae, it is possible that the alternative 

RNase P enzyme loosened the structural restraints on mitochondrial tRNAs.124  

 

Mt-tRNAs diverge from their nuclear counterparts in other ways as well.  The 

mitochondrial genome is transcribed into polycistronic transcripts punctuated 

by tRNAs which are cleaved at the 5’ and 3’ ends by RNase P and RNase Z, 

respectively.125–127  Proper mitochondrial RNase P activity is not only necessary 

for the maturation of pre-tRNA but the generation of the other mitochondrial 

gene transcripts. Separating the transcripts allows them to be individually 

regulated and polyadenylated as required.  The ND5 and CytB genes pose an 

exception; the two adjacent genes lack a tRNA spacer and are likely separated 

by the ribonuclease pentatricopeptide repeat domain protein 2 

(PPRD2).128  Between 1) this added mt-tRNA functionality, 2) a higher 

mitochondrial mutation rate, and 3) a lack of redundancy (the human 

mitochondrial genome encodes 22 tRNA genes while the nuclear genome 
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contains ~500 tRNA genes), mt-tRNAs are much more disease-associated than 

nuclear tRNAs.  In fact, all characterized disorders arising from tRNA mutations 

in the cell involve mt-tRNA.108 

 

Animals inherit multiple maternal mitochondria.  As the mitochondria 

proliferate they are dispersed unevenly throughout the body, resulting in 

heteroplasmy that varies from tissue to tissue.  This complicates the study of 

mitochondrial disease pathogenesis.  Nevertheless, it is clear that mt-tRNA are 

hot spots for mitochondrial diseases.  The majority of pathogenic mitochondrial 

mutations occur are mt-tRNA SNPs; these mutations are often associated with 

neuromuscular and cardiomyopathy diseases.129–131  Mutations in the Leu(UUR) 

mt-tRNA are particularly associated with a range of complex disorders, 

including mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-

like episodes (MELAS) syndrome.132  MELAS mutations and other mt-tRNA 

SNPs are associated with the accumulation of unprocessed transcripts and are 

cleaved less efficiently by RNase P, suggesting that disruption of tRNA folding 

inhibits the ability of PRORP to bind and cleave pre-tRNA. 

 

PPR Domains and RNA Processing 

The RNA-based RNase P has been well studied and biochemical and structural 

work provides a basis for understanding pre-tRNA binding.6,13,133  Much less is 

understood about substrate binding by proteinaceous RNase P.   This study 

focuses on both the human and plant PRORP enzymes.  There are three PRORP 
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paralogs in A. thaliana (PRORP1, 2, and 3).  The enzymes are highly similar in 

sequence and structure but differ in localization, with PRORP1 functioning in 

chloroplast and mitochondria while PRORP2 and PRORP3 are localized in the 

nucleus of plant cells.24,28,134,135 Comparison of the various human and plant 

PRORP proteins provides insight into how the enzymes are regulated.  The 

enzymes consist of three domains: 1) a pentacotripeptide repeat (PPR) domain 

made up of a series of 35-amino-acid motifs, each of which forms a helix-turn-

helix structure; 2) a magnesium-dependent metallonuclease domain; and 3) a 

central zinc-binding domain which orients the other two domains relative to 

each other.136  

 

Numerous studies have revealed clues to the question of why the human 

PRORP must form a complex with MRPP1/2 to function.  There are only three 

α-helices in the PPR domain of human PRORP whereas eleven α-helices exist in 

the plant PRORP1. Shortening of the PRORP1 PPR domain to three helices 

causes a dramatic reduction of both RNA binding and cleavage, which suggests 

that a shorter PPR domain is less functional.28  However, a chimeric form of 

the human enzyme containing the PRORP1 catalytic domain is active on its 

own in vitro, indicating that the shorter human PPR domain is functional and is 

not in itself the root cause of human PRORP’s dependence on the MRPP1/2 

proteins.137    

 

Comparing the crystal structures of the catalytic domains of plant and human 

PRORPs reveals that the human catalytic domain alone folds into an inhibited 
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conformation, though it is possible that this is a crystal artifact and does not 

answer the question of how it might be restructured by MRPP1/2.28,137  One 

hypothesis stems from structural studies of the protein phosphatase 5 (Ppp5).  

The Ppp5 tetratricopeptide repeat (TPR) domain, which is closely related to the 

PPR domain, interferes with the active site and autoinhibits catalysis.  Ppp5 is 

only activated when the heat shock protein Hsp90 disinhibits the enzyme by 

binding the TPR domain.138  The PPR domain may play a similar role in human 

PRORP. 

 

The primary function of the PPR domain is RNA binding.  The PPR domain likely 

evolved in eukaryotes from the more ubiquitous TPR motif.  PPR-containing 

proteins function in chloroplast or mitochondrial organelles, especially in 

plants.136  All seven humans PPR protein are localized to mitochondria where 

they function in RNA transcription, processing, stability, and translation, 

though the molecular mechanisms are largely unclear.139 Better knowledge of 

PRORP-pre-tRNA interactions holds implications for understanding the multi-

functional roles of PPR protein domains. 

 

Repeats of the 35-residue helix-turn-helix motif combine to form a super-

helical structure which can bind RNA with some sequence specificity.  PPR 

motifs can exhibit an amino acid code similar to the modular transcription 

activator-like effector nuclease (TALEN) and Pumilio family (PUF) motifs, 

raising interest in its use as a method to target specific RNA sequences.  The 

1st and 6th amino acids of each helix-turn-helix motif interact with single-
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stranded RNA bases, and varying these residues can tailor specificity to certain 

sequences.140  Crystal structures of plant PPR proteins in complex with single-

stranded RNAs demonstrate how the protein conforms to bind the RNA and 

establish backbone and base-specific interactions.38,140 

 

Despite this detailed knowledge and structures of PPR proteins in complex with 

single-stranded RNA substrates, attempts to identify a PPR code in the context 

of pre-tRNA recognition have failed, suggesting that the system is more 

complex.30  The identity of the PRORP amino acids in the base-recognition 

positions as defined by the PPR code are: 1) not universally conserved; 2) not 

canonical base-recognition residues; and 3) not the most important PPR 

residues for pre-tRNA binding.69  Therefore, questions remain about how PPRs 

recognize highly structured RNAs such as pre-tRNA.   

 

It has been proposed that the PPR domain could bind the single-stranded 5’ 

leader.28  However, as PRORP has been shown to cleave leaders as short as 5 

bases, it would be difficult for the short substrate leader to engage in 

important interactions with the PPR domain and also span the distance to the 

active site.31  Modeling studies suggest that is more likely that the PPR domain 

orients the substrate by binding the stacked TψC and D arms of pre-tRNA, as 

these motifs are a prerequisite for proper cleavage and contain conserved 

residues which may interact with the PPR domains.31  The ‘elbow’ formed by 

the TψC/D loops are also critical for proper orientation of pre-tRNA in the 

ancient ribozyme RNase P.6  Further studies of the PRORP-pre-tRNA complex 
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will improve our understanding of the processing of mitochondrial transcripts 

by PPR proteins in general and how mitochondrial mutations lead to defects in 

the RNA processing pathways. 

 

2.2: PRORP Activity and pre-tRNA Binding 

While the initial goal of this study was to combine biochemical assays with 

crystallography in order to better understand the mechanisms of proteinaceous 

RNase P, a number of subsequent biochemical studies shed light on the 

residues and potential modes of RNA recognition as described previously.29,31–

33,69,141  Our focus therefore adjusted to concentrate on optimizing conditions to 

promote crystallization of a PRORP-RNA complex.   

 

As the N-terminal region of PRORP3 is predicted to be disordered, a truncated 

PRORP construct (ΔN PRORP3) was cloned and purified.  The ΔN PRORP3 lacks 

the first 86 amino acids preceding the first alpha-helix, and the truncation 

does not appear to have a significant effect on catalytic activity. (Figure 7)  As 

disordered protein regions are commonly thought to impair crystal formation 

or reduce diffraction by crystals, the removal of the N-terminal unstructured 

region was expected to improve crystallization prospects.   
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(A) Full-length and truncated PRORP3 have comparable enzymatic activity. Enzyme 

was incubated with 5’ 32P-labeled Gly pre-tRNA at room temperature for 0.25, 4, 16, 

40, and 120 minutes at room temperature under single-turnover conditions and run on 

a denaturing 8M urea, 1xTBE polyacrylamide gel. 32P-ATP and protein-free pre-tRNA 

are included as markers and a negative control.  

(B) Gly pre-tRNA was incubated with 50 nM PRORP3.D422N (lanes 3-6) or ΔN PRORP3 

(lanes 7-10).  Samples were incubated at room temperature for 10 seconds, 90 

seconds, 3 minutes, or 10 minutes.  NC: Protein-free Lane 1 contains no protein.  

While ΔN PRORP3 displays activity comparable to WT PRORP3, PRORP.D422N displays 

no significant enzymatic cleavage and appears to form a stable complex with the 

substrate which remains at the top of the gel. 

Time Time 

N/C      PRORP3.D422N     ΔN PRORP3        B 

Figure 7: PRORP3 pre-tRNA Cleavage Assays. 

  PR3           PR3            PR3       ΔN PR3   ΔN PR3      ΔN PR3   

 50nm       150nM        300nM      50nm     150nM       300nM   ATP N/C 

Time 

A 
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Two approaches were taken to deactivate A. thaliana PRORP3 and stabilize the 

enzyme-substrate complex for crystallization.  Site-directed mutagenesis of 

the active site aspartate to asparagine abolished catalytic activity in 

PRORP3.D422N without affecting global protein stability.  Activity assays of the 

active-site variant confirmed that the enzyme was inactive. (Figure 7) 

Furthermore, it was observed that some of the PRORP3.D422N-incubated pre-

tRNA failed to properly enter the gel, indicating that it formed a stable RNP 

complex.   

 

PRORP is magnesium dependent, and its catalytic activity was inhibited by the 

presence of calcium. (Figure 8) This allows us to directly monitor and quantify 

binding in order to assess the co-crystallization of RNAs with wild-type and 

mutant PRORP.  Electrophoretic mobility shift assays (EMSAs) revealed that 

PRORP3 binds tyrosine pre-tRNA substrate with micromolar affinity.   

 

Previous studies demonstrated that removal of the anticodon stem-loop has no 

significant effect on PRORP binding or cleavage, and reducing the D-domain to 

a simple bulge had only a modest effect on the PRORP interaction.30  With this 

in mind, the A. thaliana glycine pre-tRNA was modified into a minimal RNA 

with no anticodon domain and a kissing loop-containing bulge in place of the D 

domain. (Figure 9) Additional binding assays confirmed that PRORP3 binds a 

minimal glycine pre-tRNA with the same affinity as full-length pre-tRNAs. 

(Figure 8)   
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(A) PRORP3 activity assay was conducted with 1 µM PRORP3 and tyrosine pre-tRNA 

using either 10 mM CaCl2 or 10 mM MgCl2. Timepoints were taken at 0.25, 1, 4, 16, 

25, 40, and 135 minutes. Calcium effectively inhibits the cleavage reaction. EMSA gels 

analyzed binding between PRORP3 and tyrosine (B) and mini-glycine (C) pre-tRNAs in 

the presence of calcium yielded similar KD values of 1.3 µM and 1.2 µM, respectively.  

 

Figure 8: Calcium Inhibits PRORP3 Activity. 
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2.3: Crystallization Screens 

Both the human PRORP and A. thaliana PRORP3 were used in crystallography 

screens.  The A. thaliana enzyme is not only able to function without additional 

proteins but is generally more stable in solution, making it the primary focus of 

crystallization efforts.  In order to obtain protein crystals, it is desirable to 

obtain pure, concentrated samples.  Glycerol promotes protein solubilization 

and allows greater concentration, but is detrimental at high levels in crystal 

screens as glycerol generally inhibits the nuclearization process and can lead 

to changes in the drop volume over time.142  It was observed that in buffers 

with low glycerol content (~2.5% v/v) human PRORP was not soluble beyond 

~0.4 mg/mL, more dilute than preferred for crystallization.  This was largely 

remedied by the addition of tRNA that greatly promoted the stabilization and 

solubility of human PRORP.   

 

A variety of RNA substrates were included in crystallization screens, including 

both native substrates and highly engineered RNAs.  Two approaches were 

applied to the design of engineered RNAs: 1) Elimination of unnecessary 

elements to reduce RNA bulk; and 2) Promoting intermolecular contacts by 

incorporating elements such as kissing loops and tetraloops.  Kissing loops and 

tetraloops dimerize into tertiary structures and are effective tools for 

promoting crystallization.4,143  Both kissing loops and tetraloops were 

incorporated in the design of variants of the minimal glycine pre-tRNA which 

was validated in binding assays for crystallization trials. Full length pre-tRNAs 

were also altered by varying the anticodon stem-loop, replacing the loop with 
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the tetraloop-forming sequence GUGA and switching the native anticodon stem 

sequence out for a panel of more stable stems composed of GC base pairs.  

Finally, varied U1A binding sites were inserted into the anticodon domain of 

full-length glycine pre-tRNAs with variable length anticodon stems.  U1A is a 

spliceosomal protein commonly used to stabilize engineered RNAs in structural 

studies, thus potentially facilitating both crystallization and phase 

determination.144 The U1A RBD protein was purified and crystal trays were 

prepared with samples containing engineered glycine pre-tRNA, U1A protein, 

and PRORP3 constructs.   

 

Crystal trays were set-up with a variety of conditions using both custom and 

commercial screens in an effort to obtain a crystal structure of PRORP either 

alone or co-crystalized with RNA.  A number of mutations were screened, 

including inactive variants with point mutations at the active site and truncated 

proteins lacking the flexible N-terminal region.  Unfortunately, the only 

successful crystal was of A. thaliana PRORP3. (Figure 10) This crystal 

diffracted to ~2.8 Å but consisted of two connected crystal domains with 

separate orientations, resulting in a twinned dataset which we were unable to 

successfully solve.  Attempts to reproduce the crystal proved unsuccessful. 

  



 

 

39  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Examples of tRNAs used in biochemical and structural experiments include the 

full-length T. thermophilus glycine pre-tRNA (A) and a mini-glycine RNA (B) 

designed based on work from the Rossmanith group.30 The mini-glycine 

construct eliminates the anticodon stem-loop, which is not involved in PRORP 

binding, and replaces the D-loop with a bulge containing a kissing loop 

sequence.  The kissing loop motif (C) forms intermolecular tertiary interactions 

with other kissing loops, encouraging potential lattice contacts.  Tetraloops also 

form structured tertiary intermolecular contacts (D), and the anticodon stem-

loop was replaced by variants containing the tetraloop-forming sequence 

GUGA. Figures C and D were adapted from Butcher and Pyle, 2011.4 

 

  

A B 

C D 

Figure 9: tRNA Design for Crystallographic Studies.  
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Figure 10: PRORP3 Crystal. 

Top: PRORP3 crystal viewed under (A) visible and (B) UV light.  (C) The crystal 

isotopically diffracted past 2.8 Å.   

The crystal was grown in 37.5% PEG 4000, 50mM Tris (pH 8), and 75mM LiCl, 5mM 

MgCl2.  

 

A B 

C 
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2.4: Discussion 

Although the crystallization of PRORP in complex with substrate was ultimately 

unsuccessful, numerous insights were gained which can aide future attempts.  

The reservoir solution which yielded the diffracting PRORP1 crystal (37.5% 

PEG 4000, 50mM Tris pH 8, 75mM LiCl, and 5mM MgCl2) was significantly 

different from conditions previously published for PRORP1 crystals (18% PEG 

3350, 100 mM sodium citrate pH 5.5), indicating that it might prove a distinct 

crystal form.28  Truncation of the unstructured N-terminal region had no 

significant impact on PRORP3 activity.  Inactivation of PRORP3 via calcium or 

inactivating mutations was consistent with previously reported results with 

PRORP1.141 Here, we demonstrate that these strategies provide viable 

mechanisms to form stable complexes.   

 

A rigorous suite of activity assays was not conducted, as numerous labs have 

previously conducted studies kinetic profiles of PRORP enzymes and our 

experiments confirmed enzymatic activity and were broadly consistent with the 

reported values.29,30,141,145  These kinetic studies reveal that the proteinaceous 

RNase P surprisingly displays similar or worse efficiency than the ancient RNA 

enzyme in vitro, providing a biochemical rational for why the ribozyme has 

endured in most life. The enzymes recognize similar elements, best typified by 

the necessity of the T-domain of precursor tRNA for recognition by both 

enzymes, presenting a textbook case of convergent evolution by two unrelated 

enzymes.  These insights allowed the generation of minimal and artificial pre-

tRNA substrates in this study for crystal screens. 



 

 

42  

 

Numerous engineered RNAs were cloned that contain stabilizing motifs capable 

of forming tertiary intermolecular contacts.  The addition of these elements to 

a minimal, structured RNA substrate did not inhibit PRORP3 binding.  The 

resulting constructs hold potential for future structural studies of proteinaceous 

RNase P and other tRNA systems. 

 

While cocrystallization of large RNA-protein complexes is technically 

challenging, a PRORP-tRNA crystal structure is likely in the coming years. Even 

with such a structure, a combination of computational and experimental 

techniques such as electron paramagnetic resonance will be required to fully 

understand the protein dynamics and conformational changes involved in 

binding and cleavage.  Cryo-electron microscopy may be required to obtain a 

structure of the full human mitochondrial RNase P complex and mechanistically 

understand complex formation and substrate binding.   

 

While much has been learned about proteinaceous RNase P in the decade since 

its discovery in humans, big picture questions remain. The variable reliance on 

protein or RNA-based RNase P in different systems and the consequences of 

the resulting tRNA/enzyme coevolution are still unanswered and must be 

addressed with biochemical and bioinformatic approaches.   
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2.5: Materials and Methods 

Protein Purification 

The A. thaliana PRORP3 gene in a pET15b plasmid was expressed in DE3 Gold 

E. coli cells grown overnight at 20 °C in TB media with 1 mM IPTG.  Cells were 

harvested, resuspended in lysis buffer (150 mM NaCl, 50 mM HEPES pH 7.4, 1 

mM PMSF), and lysate was loaded onto a sepharose FF 6 nickel column for 

IMAC purification. (Figure 11) Importantly, the protein was then washed on 

the resin with 1.5 M NaCl, 50 mM HEPES pH 7.4 buffer prior to elution to 

remove PRORP-associated RNAs which otherwise co-purify with the protein.   

 

PRORP3 tended to precipitate out on DEAE or Superdex resin.  Instead, after 

elution with 350 mM imidazole buffer, PRORP3 was purified on a phenyl 

sepharose column using a gradient from 1.5 M (NH4)2SO4, 50 mM HEPES pH 

7.4 binding buffer to 50 mM NaCl, 50 mM HEPES pH 7.4 elution buffer. (Figure 

11)  PRORP3 eluted beginning at 50% elution buffer.  

 

A truncated PRORP3 construct lacking the first 85 amino acids, termed ΔN 

PRORP3, were cloned into a modified pSV281 vector with a Tev-cleavable N-

terminal 6xHis tag and purified with the same protocol as full-length PRORP3.  

However, the Tev cleavage site proved inaccessible and could not be 

effectively removed by Tev protease.  The U1A A1-98 Y31H/Q36R RBD plasmid 

was a generously gift from Dr. Adrian Ferre-D’Amare (NIH). U1A was 

expressed in DE3 Gold E. coli and purified as previously described.146 
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Figure 11: Representative PRORP3 Purification. 

The PRORP3.D422N variant was purified as described in the materials and methods 

section.   

(A) SDS-PAGE gel of fractions from nickel resin elution.   

Lane 1: Precision Plus Ladder (Bio-Rad # #1610373)    

Lane 2: 1 M imidazole elution  Lane 3: 250 mM imidazole elution  

Lane 4: 75 mM imidazole wash Lane 5: 40 mM imidazole wash 

Lane 6: 15 mM imidazole wash.   

The 350 mM imidazole fraction was collected and further purified as described below.   

 

(B) Phenyl sepharose purification of 350 mM imidazole fraction from part A were 

diluted in 10 volumes of phenyl sepharose binding buffer (BB) containing 1.5 M 

(NH4)2SO4, 50 mM HEPES pH 7.4, and eluted in a step-wise gradient with elution 

buffer (EB) of 50 mM NaCl, 50 mM HEPES pH 7.4. Fractions 7 and 8 were combined for 

biochemical assays and crystallography screens. 

Lane 1: Precision Plus Protein Ladder Lane 2: Flow-through 

Lane 3: 60% BB 40% EB   Lane 4: 50% BB 50% EB 

Lane 5: 40% BB 60% EB   Lane 6: 30% BB 70% EB 

Lane 7: 20% BB 40% EB   Lane 8: 10% BB 90% EB  

Lane 9: 100% EB 
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Enzymatic Activity and EMSA Assays 

RNAs were 5’ radiolabeled using T4 Polynucleotide Kinase (NEB) and [γ-32P] 

ATP (6000 Ci/mmol, 10 mCi/mL, PerkinElmer).  BioGel P6 desalting spin 

columns were used to remove ATP and unincorporated radioactivity. Enzymatic 

cleavage assays were conducted at room temperature in 1xTHE, 10 mM MgCl2, 

200 mM KCl, 2 U/µL Promega RNase inhibitor.  RNA substrate was heated to 

50 °C for 10 minutes and then cooled to room temperature.  Aliquots were 

taken during the reaction process at regular timepoints and quenched in 8M 

urea, 1xTHE buffer containing bromophenol blue and xylene cyanol dye.  The 

samples were then loaded onto 8M urea, 1xTHE polyacrylamide gels for 

electrophoresis and imaged using an Imaging Screen-K (Kodak) phosphor 

imager.  The screen was visualized with a Pharos FX Plus Molecular Imager 

(Bio-Rad) and analyzed with the Quantity One 4.6.9 (Bio-Rad) software. 

 

EMSAs were prepared similar to the activity assays but with 10 mM calcium in 

place of magnesium.  Samples were incubated for 10 minutes at room 

temperature and then put on ice before being run on 1xTHE, 0.9% agarose gel 

and analyzed in the same manner as the activity assays. 
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CHAPTER 3 

Structure-Specific Recognition of 

G-Quadruplex RNA by LSD1 

 

3.1 Introduction 

Long noncoding RNAs (lncRNAs) are proposed to assist in a myriad of roles in 

the cell, acting as guides, scaffolds, decoys, or signaling molecules.147 

Although it is well established that distinct ncRNAs can act as gene regulators, 

recognize defined targets, and even function as catalysts (ribozymes), key 

mechanistic questions remain regarding how lncRNAs interact with and recruit 

chromatin-associated protein complexes to specific regions of the genome.5 

 

LSD1 is an essential chromatin-remodeling enzyme conserved from yeast to 

humans and is also known to interact with lncRNAs.46,67,112,148,149  A primary 

function of LSD1 is to influence gene expression and chromatin structure by 

catalyzing the removal of mono- and dimethyl functional groups from histone 3 

proteins at lysine positions 4 and 9 (H3K4/K9).67,150,151 LSD1 interacts with 

over 60 gene regulatory proteins, including transcription factors (CoREST, 

REST, p53, E2F1) and key enzymes (DNMT1, MRE11, HDAC1/2), as well as 

essential nutrients (tetrahydrofolate [THF]).152–154 Of these, CoREST is the 

primary interacting partner required for post-translational LSD1 stabilization 

and is required for H3K4 demethylation during development, hematopoiesis, 

and stem cell maintenance.67,155,156  
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While distinct LSD1-containing protein complexes repress or activate gene 

transcription, it is unknown how lncRNAs bind and modulate these 

complexes.67,151  The telomeric repeat containing RNA (TERRA) is an integral 

component of telomeric heterochromatin, acts as a negative regulator of 

telomere length in human cells, and interacts with critical epigenetic regulators 

that include LSD1 demethylase and SUV39H1 methyltransferase 

enzymes.46,157–160  In addition, TERRA has a strong propensity to form 

intramolecular, parallel-stranded G-quadruplex (GQ) RNA structures due to its 

repeating UUAGGG sequence.160  

 

Like many lncRNAs, TERRA remains associated with its parental chromatin, 

allowing cotranscriptional modulation of gene expression by epigenetic 

regulators. Telomeric gene silencing appears to correlate with methylation and 

demethylation patterns of H3K4/K9 histone modifications and it has been 

established that the TERRA–LSD1 interaction enhances the telomeric DNA 

damage response pathway.46,158  Upon depletion of a shelterin component, the 

telomeric repeat factor 2 (TRF2), global TERRA levels increase in the cell and 

TERRA interacts directly with LSD1. Through an unknown mechanism, this 

RNA–LSD1 interaction subsequently stimulates the nuclease activity of the 

double strand break repair protein MRE11 to trim the 3′ G overhangs at 

uncapped telomeres (Figure 12).46  MRE11 is a 3’-to-5’ exonuclease and a 

component of the dsDNA damage response-associated MRE11/RAD50/NBS1 

(MRN) complex.  The precise role of the complex at telomeres is unclear but it 

has been associated with both telomerase maintenance through promotion of 
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telomerase activity and the removal of the 3’ telomere overhang upon 

telomere disruption.161 

 

Previous studies have found LSD1 localized at sites of dsDNA breaks and 

necessary for proper DNA damage response and survival.162,163  According to 

the current model, the ATM response leads to LSD1 phosphorylation by the 

protein kinase CK2 and the phosphorylated LSD1 is then recruited to sites of 

dsDNA breaks by the ubiquitin-protein ligase RNF168 during the ATM-mediated 

DNA damage response.162,164  It then not only demethylates H3K4me2 but 

promotes the recruitment and ubiquitination of the critical response factor p53 

binding protein-1 (53BP1).162,163  Therefore, it is not completely unexpected 

that recruitment of LSD1 to telomeres may result in inappropriate activation of 

the DNA damage response at the ends of chromosomes. 

 

These interactions suggest that: (i) RNA binding to LSD1 is important at 

dysfunctional telomeres, and that (ii) TERRA may scaffold chromatin modifying 

enzyme complexes in a manner that is similar to other chromatin-associated 

lncRNAs such as HOTAIR and Xist.46,110,165,166 Taken together, these data 

support a role for TERRA in recruiting proteins to modulate heterochromatin 

formation at chromosome ends.  The following chapter demonstrates that 

LSD1/CoREST has a strong preference to bind a stacked GQ-forming RNA and 

reveals that the primary binding site of the GQ RNA exists within the 

SWIRM/amine-oxidase domain of LSD1. Binding and cross-linking mass 

spectrometry (XL-MS) data collectively indicate that structured RNAs can 
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function as important regulators in LSD1-mediated pathways and support an 

emerging theme that structure-specific RNA binding can influence the function 

of chromatin-associated proteins. 

 

3.2: TERRA Forms a Stacked G-Quadruplex in K+ 

Quadruplex-forming nucleic acid sequences require specific monovalent ions 

for structural stability. In particular, potassium ions stabilize GQs, while lithium 

ions destabilize GQs.167 Circular dichroism (CD) spectroscopy was used to 

monitor the effect of monovalent ions on GQ formation. CD spectra with a 

peak at 263 nm and a trough at 240 nm are characteristic of a parallel, 

propeller-type GQ conformation.167–169 In both four and eight UUAGGG repeats 

(in the presence of K+ and Na+), we observe the formation of stable parallel-

stranded GQ structures (Figure 13). In contrast, Li+ destabilizes GQ structures 

and likely promotes a heterogeneous RNA architecture. 

 

  



 

 

50  

 
 

 
 
 

 
 

 
 
 

 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

Figure 12: TERRA RNA recruits LSD1 to deprotected telomeres.  
(A) A functional role for the TERRA RNA in the processing of uncapped telomeres, as 

previously reported.46 TERRA can serve as a scaffold for LSD1–nuclease associations. 

(B) Protein constructs used in this study include LSD1 (aa 171–852) and CoREST (aa 

286–482 plus 6xHis-tag sequence). LSD1 consists of a SWIRM domain (red), an 

intertwined monoamine oxidase domain (cyan/blue), and a tower domain (green), 

based on PDB 2IW5.92 LSD1 biological function requires the presence of CoREST 

(shown in orange). (C) A GQ RNA is stabilized by specific monovalent ions (including 

K+ and Na+ denoted as blue spheres). A single GQ RNA unit and a stacked GQ RNA 

were prepared to investigate binding affinity and specificity of the GQ RNA–LSD1 

interaction. The UUAGGG repeat elements of TERRA can form a stable parallel-

stranded GQ RNA in vivo and a model of the higher order TERRA RNA architecture has 

been biochemically demonstrated.169,170 
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Sedimentation velocity analytical ultracentrifugation (SV-AUC) was also 

performed to assess RNA tertiary folding in solution, GQ oligomerization, and 

global compaction in the presence of different monovalent ions. Analysis of 

SV-AUC data reveals that a four-repeat UUAGGG RNA has completely different 

tertiary shapes in the presence of K+, Na+, or Li+. (Figure 13) Whereas a four-

repeat UUAGGG RNA forms a monomeric GQ structure in Na+, the identical 

RNA forms a heterogeneous profile in the presence of K+. Further, SV-AUC 

analysis of the four-repeat RNA with K+ reveals a sedimentation profile that is 

positioned between the four-repeat RNA (Na+) and an eight-repeat UUAGGG 

RNA (K+). 

 

Bayesian analysis suggests that the four repeat UUAGGG RNA with K+ exists in 

equilibrium between monomeric and dimeric, stacked GQ structures. This 

result is consistent with previous nuclease digestion studies of TERRA.168,169 

Thus, choice of cation and RNA construct enables us to manipulate the tertiary 

RNA structure and examine the nucleic acid binding properties of LSD1. 
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Figure 13: Monovalent ions dramatically alter the structure of GQ-

forming RNAs.  

(A) Parallel-stranded GQ RNAs are known to have an Θmax of ∼263 nm.167 Circular 

dichroism spectroscopy demonstrates that parallel-stranded GQ structures form in the 

presence of potassium (black, solid triangle, and circles) and sodium (gray diamond 

and box), consistent with previous studies. In contrast, lithium (outlined triangles) 

destabilizes GQ formation. (B) The analysis of analytical ultracentrifugation (AUC) data 

of (UUAGGG)4U and (UUAGGG)8U RNAs in the presence of potassium (K+), sodium 

(Na+), and lithium (Li+). Figure symbols as in A. The plot shows an overlay of the 

continuous distribution [C(s)] versus the sedimentation distribution coefficient (S). (C) 

The analysis of deconvoluted analytical ultracentrifugation (AUC) data of the 5’-

GG[UUAGGG]4UUA-3’ RNA in the presence of potassium (top panel), sodium (middle 

panel), and lithium (bottom panel). Each plot shows the continuous distribution (C(s)) 

versus the sedimentation distribution coefficient (S) and the observed peaks indicate a 

single quadruplex, a stacked quadruplex, or a broad heterogeneous profile in the case 

of Li+. The residual distribution histogram for each plot is shown in the upper left or 

right corners.   

C 
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3.3: LSD1 Recognizes a Stacked G-Quadruplex TERRA 

In an effort to understand the nucleotide sequence and structural preferences 

associated with the LSD1/CoREST complex, we measured the LSD1–nucleic 

acid affinities from a panel of single and stacked GQ-forming oligonucleotides 

under different monovalent ions. (Figure 14) A TERRA RNA that contains a 

stacked (GG[UUAGGG]8UUA) RNA, a single G-quadruplex-forming repeat 

element ([UUAGGG]4U), a cognate DNA ([TTAGGG]4T), and a sequence-

unrelated 25-nt RNA (ssRNA) for which there is no predicted structure were 

incubated with enzymatically active LSD1. Because both LSD1 and CoREST 

localize at telomeres and LSD1 is optimally stabilized in the presence of 

CoREST, we have primarily focused on how TERRA interacts with the 

LSD1/CoREST system.50,67,155,171  
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LSD1/CoREST binds to distinct RNA structures as controlled by monovalent ions. 

(A) Analysis of gel-mobility shift assay binding curves of (UUAGGG)8U, (UUAGGG)4U, 

and 25-nt ssRNA. Assays were performed in potassium (K+), sodium (Na+), and 

lithium (Li+) (symbols same as in Figure 13) using LSD1/CoREST (amino acid residues 

171–852 and 286–482, respectively) with exogenous protein purification tags 

removed. LSD1/CoREST strongly prefers to bind stacked GQ-forming RNA structures. 

The plot shows the fraction of RNA bound at various LSD1/CoREST concentrations (log 

scale). Error bars for each data point represent the range of three independent 

experiments.  

(B) Representative gels showing that RNA binding activity of LSD1/CoREST is 

dependent upon the ability of the RNA to form into a GQ conformation. Complexes and 

free oligonucleotides were resolved on a 0.6% native agarose gel. The concentration of 

the LSD1/CoREST complex is noted for each lane (nM). 
 

Table 2: Affinity of LSD1/CoREST for GQ RNA Panel. 

 

The mean and standard error from three independent EMSAs is given. 
  

RNA (monovalent) Dissociation Constant  

(Kd) (nM) 

Hill Coefficient 

(h) 

5'-GG(UUAGGG)8U-3' (K+) 96.4±3 1.70±0.08 

5'-GG(UUAGGG)8U-3' (Na+) 516±15 2.24±0.1 

5'-(UUAGGG)4U-3' (K+) 835±35 1.07±0.04 

5'-(UUAGGG)4U-3' (Na+) 5200 ±460 1.25±0.08 

5'-(UUAGGG)4U-3' (Li+) 10,500±1900 1.3±0.1 

25-nt ssRNA (Li+) N/A N/A 

Figure 14: Affinity and specificity of LSD1/CoREST for GQ RNA. 
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Using electrophoretic mobility shift assays (EMSAs), incubation of these 

oligonucleotides with LSD1/CoREST revealed vastly different binding affinities. 

(Table 2) Analysis of the percent nucleic acid-bound fraction demonstrates that 

an eight-repeat UUAGGG RNA that forms a stacked GQ RNA structure tightly 

binds the LSD1/CoREST complex (apparent Kd = 96.4 nM), whereas a four 

repeat UUAGGG RNA and a four-repeat TTAGGG DNA bind with approximately 

nine- and 14-fold weaker affinities (the apparent Kd values for each 

oligonucleotide in K+ are 835 nM and 1.3 µM, respectively). The four-repeat 

RNA exhibited negligible binding, indicating that the LSD1/CoREST specifically 

binds folded TERRA. (Figure 14)  Mutant, non-GQ TERRA sequences also failed 

to bind LSD1/CoREST, demonstrating that the loss of binding is GQ-dependent 

and not purely an effect of the lithium. The Hill coefficient for an eight-repeat 

UUAGGG RNA–protein interaction (h≈ 1.7 ± 0.08 and 2.24 ± 0.1 in K+ and 

Na+, respectively) indicates substantial positive cooperativity, implying that 

there may be an extended RNA binding interface on the LSD1/CoREST 

complex. In contrast, the ([UUAGGG]4)U single GQ-forming RNA does not 

exhibit cooperativity (h≈ 1.07 ± 0.04) upon binding to LSD1/CoREST, implying 

that single GQ-forming RNAs may bind the LSD1/CoREST complex as 

preformed units.  

 

An EMSA analysis of individual LSD1 and CoREST components binding to 

TERRA confirms a strong LSD1–TERRA interaction (apparent Kd = 404 nM, h = 

0.91 ± 0.17) and an interaction with the CoREST fragment that is 

approximately 10-fold weaker (apparent Kd = 3.4 µM, h = 1.40 ± 0.15). 
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(Figure 15) This suggests that the high-affinity binding site for RNA resides 

within LSD1. These EMSA results are consistent with the previously identified 

RNA–LSD1 binding equilibrium studies, where a GST–LSD1 fragment (aa 1–

382), containing the SWIRM domain and a region of the catalytic amine 

oxidase domain (AOD), were shown to bind a 10-repeat UUAGGG RNA with 

high affinity (Kd∼70 nM).46 

 

3.4: An RNA—Binding Domain in the SWIRM Domain of LSD1 

Previous studies of fragmented LSD1 constructs concluded that the GQ RNA 

likely associates with the SWIRM/AOD of LSD1.46  However, we were unable to 

replicate binding with the truncated and fragmented domain in our hands, and 

sought to gain a better resolution picture of the RNA binding site.  In vitro, 

254-nm UV light cross-linked G-quadruplex TERRA RNA, but not a size-

matched, non-GQ RNA, to form a covalent complex with LSD1 and CoREST. 

(Figure 16) To more precisely identify the RNA binding regions of LSD1, a 

biotinylated GQ RNA (GG[UUAGGG]8UUA) was covalently cross-linked to 

purified LSD1/CoREST complex and subjected to high-resolution LC–MS/MS 

mass spectrometry. Two separate and independent XL-MS experiments were 

performed using purified LSD1/CoREST with and without a 6x-His tag at the N 

terminus of CoREST. Consistent with previous studies, analyses of both XL-MS 

data sets indicate a strong GQ RNA cross-link to residues 227–251 of the 

SWIRM domain (Figure 17). 
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Figure 15: Nucleic acid binding specificity of LSD1.  
 

(A) Affinity of LSD1- CoREST binding to a 25 nt GQ forming [(TTAGGG)4T] DNA (box). 

The plot shows the concentration of the LSD1/CoREST complex versus fraction of RNA 

bound. Binding studies were assayed in triplicate and representative data are shown in 

B. (B) Nucleic acid binding activity of LSD1/CoREST (amino acid residues 171-852 and 

286-482, respectively). Complexes and free oligonucleotides were resolved on a 

0.75% native agarose gel. The concentration of the LSD1/CoREST complex is noted for 

each lane (nM) and the dissociation constant (Kd) and Hill coefficient (h) are shown. 

(C) Independent LSD1 and CoREST binding to [(UUAGGG)4U] RNA. Analysis of gel-

mobility shift assay binding curves of a 25 nt. GQ forming RNA (K+) with full-length 

LSD1 only (green), or with CoREST (286-482) (pink). The plot shows the protein 

concentration of LSD1 or CoREST versus fraction bound. Binding dissociation constant 

(Kd) and Hill coefficient (h) are shown. Figure 15 EMSAs were performed with a 6x His 

tag located at the C-terminus of CoREST which may have resulted in some nonspecific 

binding. Fraction bound for LSD1 alone saturates at approximately 60-65%, which 

may be due to GQ RNA heterogeneity or instability of the LSD1- GQ RNA complex at 

high micromolar concentrations. 
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Figure 16: UV Light specifically cross-links LSD1/CoREST to a GQ RNA.  

A 5’ 32P-labeled 5’-GG[UUAGGG]8UUA-3’ RNA and a size matched, non-GQ forming 

RNA were incubated with or without LSD1/CoREST. All RNA concentrations were 

equivalent. Upon cross-linking at 254 nm, the stacked GQ RNA co-migrates with both 

LSD1 and CoREST (Lane 4). The higher molecular weight species indicate a degree of 

oligomerization. Very faint bands can be observed for the equivalent control RNA (Lane 

8), likely the result of low levels of non-specific RNA binding. Samples were then run 

on a 4-20% gradient SDS-PAGE gel and visualized with a phosphor screen.  
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Figure 17: Identification of the LSD1 GQ RNA binding domain via mass spec. 

(A) Relative coverage of LSD1 residues upon GQ RNA cross-linking. UV light was used 

to cross-link biotinylated GQ RNA with LSD1/CoREST and the covalent complex was 

purified using streptavidin beads. LSD1 was then analyzed with mass spectroscopy 

alongside a control sample that had been treated with UV light in the absence of RNA. 

A plot of the signal intensity ratio between the control and GQ RNA cross-linked 

sample reveals peptide fragments that are strongly depleted in the cross-linked 

sample, likely due to the change in m/z ratio upon formation of RNA adduct. (B) 

Analysis of the elution profile reveals a depletion of the peptide signal upon cross-

linking for a region in the SWIRM domain (227–251). This peptide is dramatically 

depleted (∼10,000-fold weaker) compared with the control sample. The isotopic 

distribution (M, M + 1, M + 2, M + 3) confirms the peptide identity, with an isotope 

dot product (idotp) of 1.00 and 0.97 for the control and cross-linked samples, 

respectively. (C) The locations of the putative RNA binding regions in the SWIRM 

domain are mapped onto the structure of LSD1/CoREST (PDB 4XBF). The adjacent in 

vitro, UV254 cross-linked peptide is shown in green and denoted by an asterisk, and the 

4SU, UV365-cross-linking peptide from the RBR-ID database is highlighted in red. 

(residues 227–242 and 252-258, respectively) Orange: CoREST; Blue: FAD. 
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Figure 18: Identification of candidate GQ binding regions on LSD1 via XL-MS.  

Samples were prepared as described (Hirschi et al., RNA, 2016).172  (A) The LSD1 

peptide fragment (227-251) from the GQ RNA cross-linked sample was ~10,000 fold 

weaker than in the control, indicating that the mass of this peptide has been altered 

due to RNA adduction. (B) Representative analysis of an LSD1 peptide fragment (486- 

492) that does not cross-link to RNA. The change in intensity between the control 

LSD1 sample and the LSD1-RNA cross-linked sample is modest (20-fold weaker) and 
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is equivalent to the difference in total mass injected. For A and B, the m/z ratio and 

calculated isotope dot product values confirm the identity of the peak based on the 

expected isotopic distribution (M, M+1, M+2, M+3).  Peptide analysis and coverage for 

separate cross-linking-MS experiments (C, D). (C) Plot of the ratio of control to cross-

linked sample by LSD1 amino acid residue. Three peptide regions are depleted in the 

RNA-LSD1 cross-linked sample (LSD1 regions (227-251), (527-550), and (695-720). 

The significant change in the m/z ratio and elution profiles of the RNA-bound peptide 

result in the depletion of peptide signal. A plot of the total abundance (Log10) of the 

peptides in each sample reveals relatively consistent coverage of the control LSD1 

(blue bar) and the RNA cross-linked LSD1 (black). This LSD1/CoREST sample contains 

a 6x His-tag located the C-terminus of CoREST and was cross-linked with a single GQ 

forming 5’-biotinylated RNA (GUUU(UUAGGG)4UUA). (D) A separate RNA-LSD1 cross-

linking MS experiment reveals two peptide regions that are depleted in the RNA-LSD1 

cross-linked sample. These two regions were previously observed in C and represent 

LSD1 regions (227-251) and (527-550). In contrast to the sample analyzed in C, this 

LSD1/CoREST sample does not contain a 6x His-tag located the C-terminus of CoREST 

and used a stacked GQ-forming 5’-biotinylated RNA (5’-biotinylated 

GGG(UUAGGG)8UUA). Analysis of C and D were performed in an identical manner. 

 

 

As a specificity control, we observed that LSD1/CoREST covalently cross-links 

with GQ RNA but not a size-matched control RNA (Figure 16). Here, 

LSD1/CoREST was irradiated with 254 nm UV light either alone (control), in 

the presence of a 5′ 32P-labeled GQ RNA, or in the presence of a size matched 

5′ 32P-labeled non-GQ-forming RNA. Protein and RNA concentrations were 

identical for each experiment. These results demonstrate that UV light 

specifically cross-links LSD1/CoREST to a stacked GQ RNA, consistent with 

EMSA data in Figure 14. 

For XL-MS studies, two samples, the LSD1/CoREST complex alone (control) 

and in the presence of a 5′-biotinylated GQ RNA, were subjected to 120 mJ of 

254 nm UV light (Stratalinker 1800). The cross-linked RNP complex was then 

isolated using streptavidin beads and both the complex and the irradiated 

LSD1/CoREST (control) samples were SDS-PAGE purified, in-gel trypsin 

digested, and analyzed by mass spectrometry. The cross-linked peptides of 
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LSD1 were deduced by the disappearance of the original peptide signal as the 

RNA–LSD1 adduct altered the mass-to-charge (m/z) ratio. Due to the stability 

and nuclease-resistant nature of the GQ RNA, we were unable to degrade the 

RNA into a homogeneous fragment that could be identified on a peptide by 

mass spectrometry. 

Our analysis only included peptide regions that could be detected by mass 

spectroscopy, with coverage limited to ∼75%–80% of the truncated LSD1 

amino acids (171–852). We observed two distinct regions (227–251 and 527–

550) that are strongly depleted in the RNA-containing sample, indicating the 

formation of a cross-link with GQ RNA. Amino acids 227–251 comprise a helix–

loop–helix region of the conserved SWIRM domain and likely represent a 

primary GQ RNA binding interface. Residues 527–550 are located adjacent to 

the N terminus of CoREST and near the LSD1 active site and may represent a 

secondary nucleic acid binding site (Figure 18 C, D). The XL-MS experiment 

was replicated using modified conditions that include a stacked GQ RNA and a 

CoREST construct with a cleaved N-terminal 6x-His tag. In both XL-MS 

experiments, depletion of the identical peptide regions spanning residues 227–

251 and 527–550 were observed. A third cross-linked region (residues 689–

726) was identified on the tower domain in one experiment; however, this 

region had very low coverage in the control and was not reproducible. 
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Validation in Cell Culture of XL-MS Identified RNA-LSD1 Interaction 

A subsequent study from Dr. Roberto Bonasio’s group used a high-throughput 

approach to identify RNA-binding peptides.173  Mouse embryonic stem cells 

were treated with or without 4-thiouridine, cross-linked with 365 nm UV light, 

and peptides were analyzed with mass spectroscopy.  Peptides depleted by 4-

thiouridine cross-linking were then computationally identified as likely RNA 

binding sites with their custom metric, the RBR-ID score.  The results were 

summarized on an online database (http://rbrid.bonasiolab.org/rbrid/).  

Previously unknown RNA binding proteins were especially enriched with 

proteins associated with chromatin binding and chromatin organization, 

implying that RNA may play a much larger role in the regulation of chromatin 

associated proteins than is currently understood. The top peptide hit in LSD1 is 

located adjacent to the TERRA GQ-cross-linking candidate peptide, providing 

validation of the region as a true RNA binding region. (Figure 17C) Thus, the 

novel SWIRM-domain RNA binding region is not only involved in the binding of 

G-quadruplexes in vitro but also interacts with proteins in cells.  This 

corroboration also suggests that 4-thiouridine can be used to cross-link LSD1 

with associated RNAs in cell culture, a technique which will be explored in the 

following chapter. 

 

3.5: Discussion 

TERRA is an integral component of telomeric heterochromatin which forms 

distinct G-quadruplex structures in vitro and in vivo, and has been 
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demonstrated to interact with critical epigenetic regulators that include LSD1 

demethylase and SUV39H1 methyltransferase enzymes.46,157,158,170,174–178 

Despite a correlation between histone H3K4/K9 methylation patterns and gene 

silencing at telomeres, it is unclear how these enzymes are recruited to 

telomeres and how they might function to mediate telomere structure and 

composition.46,157,179,180 TERRA is thought to act as a molecular decoy to 

sequester telomerase in a cell cycle-dependent manner and also likely 

scaffolds with epigenetic regulators during the early stages of DNA damage 

response activation.46,87,157,180,181 The unique topology of TERRA suggests that 

its structure may enable the organization of higher-order RNP complexes at 

telomeres. To better understand how lncRNAs may recruit enzymes and how 

TERRA might regulate proteins at the ends of chromosomes, we determined 

the mode of GQ RNA binding to LSD1. 

 

Monovalent ions dramatically influence the topology of GQ RNAs and 

knowledge of specific TERRA sub-structures enabled us to manipulate the GQ 

RNA architecture (Figure 13). The formation of these diverse RNA structures 

correlates well with observed nucleic acid–LSD1 binding affinities (Figure 14), 

revealing that LSD1 strongly prefers a stacked GQ (GG-[UUAGGG]8UUA) RNA. 

Previous TERRA RNA studies combining RNase T1 digestion and molecular 

dynamics (MD) simulations demonstrate that TERRA (containing up to 96 

UUAGGG repeats) primarily assembles into four- and eight-repeat UUAGGG 

units.168,169 It appears that a single ([UUAGGG]4U) GQ unit, a stacked 

([UUAGGG]8U) GQ unit, and an ssRNA spacer region between GQ units 
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represent the three unique topologies adopted by TERRA. In addition, 

biophysical studies of TERRA demonstrate that the 2′–OH functional groups in 

the RNA G-quadruplex participate in organizing hydration and in the hydrogen-

bonding network.168,182 This may contribute additional stability to the parallel-

stranded quadruplex conformation and account for why LSD1 prefers to bind 

GQ RNA over a cognate GQ DNA (Figure 15), which is known to contain a 

mixture of heterogeneous G-quadruplex topologies.183 Our data confirm that 

single and stacked GQ RNA structural units serve as building blocks of the 

extended TERRA lncRNA and that the propensity for stacking in GQ RNA 

molecules may be a key feature in the recruitment of protein–protein 

complexes at telomeres. 

 

For the recognition of TERRA by LSD1, the RNA structure and shape play a 

central role in protein–RNA binding specificity. Although GQ RNA shape-based 

recognition is not well established, it is known that other protein domains can 

also preferentially recognize GQ-forming RNAs, including the arginine–glycine–

glycine repeat (RGG) domain of Fragile-X mental retardation protein (FMRP), 

and the N-terminal domain of the DEAH-box ATP-dependent helicase 36 

(DHX36).64,184,185  The PRC2 histone methyltransferase complex was also 

recently shown to specifically bind GQ RNAs, although the binding domain is 

unknown.186   

 

With the development of GQ-specific antibodies that have unambiguously 

identified GQ TERRA RNA structures in living cells, more biophysical studies are 
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needed to probe how protein domains and multidomain protein complexes 

recognize the molecular architecture of GQ RNAs.54,170,187 Here, the coupling of 

biophysical studies (CD/AUC), EMSAs, and XL-MS methods has better defined 

how the secondary and tertiary structural motifs of TERRA can serve as 

recognition elements for LSD1 interactions.  

 

Implications of RNA Binding in LSD1 Functions 

LSD1 is associated with CoREST and together they act as an allosteric clamp 

on nucleosomes to catalyze specific histone H3K4/K9 

demethylation.67,92,148,150,188,189 Motions of the SWIRM domain and rotation of 

the AOD of LSD1 must occur when the substrate enters the active site pocket 

and it has been demonstrated that both substrate binding and protein–protein 

interactions modulate LSD1 conformational dynamics and activity.93,150,189  

Interestingly, the structural integrity and flexibility of the SWIRM-AOD is 

essential for recognition of nucleosomal DNA.92,148,150 GQ RNA binding at the 

SWIRM domain may therefore alter LSD1 mechanics. 

 

Whereas the biological consequences of LSD1 activity are known, examples of 

RNA-mediated LSD1 recruitment and the modulation of LSD1 activity by 

lncRNAs lack in mechanistic detail.46,110,112,113 The regulation of LSD1 

complexes is likely to be multilayered and may be differentially influenced by 

distinct classes of RNA molecules. For example, RNA helicases are known to 

actively remodel TERRA RNA at telomeres.159,160,190 It is possible that RNA 
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helicases provide an added level of epigenetic regulation by unwinding GQ 

RNAs, resulting in release of LSD1 binding. Such a molecular mechanism has 

yet to be demonstrated, though it should be noted that several groups have 

proposed a link between helicases and the regulation of the GQ-specific PRC2 

chromatin modifying complex by ncRNAs.191–195 

In conclusion, this work identified a primary GQ RNA binding site within the 

conserved SWIRM/AOD interface of LSD1. Future structural studies will be 

required to demonstrate how a GQ-forming RNA alters LSD1 structure and how 

TERRA influences the function of LSD1 at telomeres. Defining the structural 

interactions of TERRA with LSD1 will provide insight into the diversity of GQ 

RNA–protein recognition and serves as an important model system to explore 

lncRNA–protein recruitment mechanisms. 

 

3.6: Materials and Methods 

Protein/RNA Design, Expression, and Purification 

The plasmids for the N-terminal truncated LSD1 (aa 171–852) and CoREST (aa 

286–482 plus His-tag sequence) were a generous gift of Dr. Cole (Johns 

Hopkins University) and the full-size LSD1 plasmid (aa 1–852) was a generous 

gift of Dr. Shi (Harvard University).67,196 (Figure 19)  The full size and 

truncated LSD1 were expressed in Escherichia coli BL21(DE3) as previously 

reported.67,196,197 The full-size LSD1 was purified by using ammonium sulfate 

fractionation and anion-exchange chromatography.154 The truncated LSD1 was 

purified using GSH-agarose chromatography, with the glutathione S 
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transferase tag removed through PreScision protease (GE Healthcare) 

digestion and anion-exchange chromatography.  

 

CoREST is a known stabilizing element of LSD1 and was expressed in E. 

coli BL21(DE3) in Luria Broth (LB) (kanamycin) and purified using Ni-NTA 

agarose as previously reported.93,154 For EMSA assays, truncated LSD1 (171–

852) was coexpressed with CoREST (286–482) in Rosetta (DE3) pLysS 

competent cells. Complexes were purified via glutathione and nickel affinity 

and size-exclusion (Superdex 200) chromatography. The concentration of 

protein samples was determined by the BCA method (BCA Protein Assay kit, 

Pierce) with bovine serum albumin as a standard and by UV-VIS-spectroscopy 

for LSD1 preparation using an extinction coefficient for FAD at 450 nm as 

11300 M−1cm−1. Protein spectra were recorded on Shimadzu 2401-PC 

Spectrophotometer. Protein purity was determined by SDS electrophoresis 

with Coomassie staining (Figure 19). 

 

Stacked GQ RNAs (GG[UUAGGG]8UUA) were transcribed with T7 RNA 

polymerase and purified over 6% TBE-polyacrylamide gels supplemented with 

8 M urea according to standard methods. Dried RNA pellets were resuspended 

in RNase-free water and diluted to 5 μM in 10 mM Tris–HCl or HEPES-KOH pH 

7.4, 1 mM TCEP and 100 mM KCl, NaCl, or LiCl as indicated in the main text. 

Alternatively, a monomeric GQ-forming RNA ([UUAGGG]4U), a 25-nt single-

stranded RNA (5′-UUAGCGUUAACCUUACCAUUACGUU-3′) (ssRNA) were 

purchased from Thermo-Fisher (Dharmacon) and deprotected according to 
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manufacturer's instructions. The identical DNA ([TTAGGG]4T) (GQ DNA) and 

the 5′ biotinylated RNAs for cross-linking (GUUU[UUAGGG]4UUA and 

GGG[UUAGGG]8UUA) were purchased as synthetic oligonucleotides (Integrated 

DNA Technologies, Inc.). All oligonucleotides were ethanol precipitated, 

desalted on a 20-mL G-25 gel filtration column, concentrated using a 

centrifuge vacuum manifold, and stored at −20°C. Purity was assessed by 

denaturing PAGE (8 M Urea) and all solutions were suspended in a 10 mM 

KPO4 (pH 6.5), 100 mM KCl buffer prior to use. 
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Figure 19: Purity of LSD1/CoREST constructs prepared for this study.  
(A) Schematic of LSD1 (top) and CoREST (bottom). LSD1 contains a SWIRM domain, 

an intertwined oxidase domain (cyan, blue) that performs the lysine specific 

demethylase catalytic reaction, and a tower domain (green) that forms a key coiled-

coil interaction with CoREST. CoREST contains an ELM2 domain and two SANT 

domains. All EMSA and cross-linking studies were performed with truncated 

LSD1/CoREST (pink boxes). (B) SDS-PAGE gel of the purified LSD1/CoREST complex 

using size exclusion chromatography (Superdex 200 10/300 GL). (C) The analysis of 

analytical ultracentrifugation (AUC) data of the LSD1/CoREST complex. The plot shows 

the continuous distribution C(s) (y-axis) versus the sedimentation distribution 

coefficient (S) (x-axis), revealing the presence of a stable, intact, stoichiometric 1:1 

complex. The residual distribution histogram from the AU analysis is shown in the 

upper right corner. 
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Circular dichroism (CD) spectroscopy 

RNAs (GG[UUAGGG]4/8UUA) were transcribed with T7 RNA polymerase and 

purified on 6% TBE-polyacrylamide gels supplemented with 8 M urea according 

to standard methods. Dried RNA pellets were dissolved in RNase-free water 

and diluted to 5 μM in 10 mM Tris–HCl pH 7.4, 1 mM TCEP and 100 mM KCl, 

NaCl, or LiCl as indicated in the main text. RNAs were folded using a standard 

protocol (2 min at 95°C, 5 min at 85°C, 5 min at 75°C, 5 min at 55°C, 15 min 

at 37°C, and then placed on ice). All CD spectra were recorded at room 

temperature on a Jasco J-810 spectropolarimeter with a 1 mm cell, scan speed 

of 50 nm/min, and a response time of 1 sec. Spectra from 300–220 nm were 

averaged over three scans, and background from a matched buffer-only 

sample was subtracted. 

 

Analytical ultracentrifugation (AUC) 

RNA samples were run for 16 h in an Optima XLI ultracentrifuge equipped with 

a four-hole An-60 Ti rotor at 48,000 rpm at 4°C. Samples and buffer-matched 

blanks were loaded into double-sector cells (path length of 1.2 cm) with 

charcoal-filled Epon centerpieces and sapphire windows. Data were fit to a 

continuous c(s) distribution model using SedFit, with a partial specific volume 

of 0.73, buffer density of 1.005, buffer viscosity of 0.0102, and a frictional 

ratio of 1.4. Bayesian modeling operations included in the Sedfit software 

enabled us to deconvolute asymmetric peaks. 
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Electrophoretic Mobility Shift Assay (EMSA) 

All oligonucleotides were 5′-end labeled with T4 Polynucleotide Kinase (NEB) 

and [γ-32P] ATP (6000 Ci/mmol, 10 mCi/mL, PerkinElmer). Unincorporated 

radiolabel was removed by application to Micro Bio-Spin columns packed with 

Bio-Gel P6 in 10 mM Tris–HCl pH 7.4, 0.02% sodium azide (Bio-Rad) according 

to manufacturer's instructions. Immediately prior to binding, radiolabeled 

oligonucleotide stocks (typically 1–2 μM) were diluted to 20 nM in EMSA buffer 

(25 mM HEPES pH 7.4, 1 mM TCEP, 10% glycerol, 0.02% bromophenol blue, 1 

U/µL RNasin (Promega) and 100 mM KCl, NaCl, or LiCl, depending on reaction 

conditions) and folded as described (CD spectroscopy, Materials and Methods 

section). To initiate binding reactions (10 µL final volume) threefold serial 

dilutions of 50 µM LSD1/CoREST in EMSA buffer were mixed 1:1 with 20 nM 

oligonucleotide stocks and incubated at room temperature for 20 min. 

Reactions were placed on ice and chilled for 5 min before loading into 0.75% 

THE (34 mM Tris base, 66 mM HEPES free acid, 0.1 mM EDTA, pH 7.4) 

agarose gels supplemented with 10 mM potassium acetate, sodium acetate, or 

lithium sulfate depending on reaction conditions. Gels were run for 45 min at 6 

V/cm in THE running buffer supplemented with appropriate salt (10 mM), with 

constant buffer recirculation at 4 °C. Gels were exposed to an Imaging-Screen 

K (Kodak) and images were collected with a Pharos FX Plus Molecular Imager 

(Bio-Rad). All binding reaction profiles were quantified using the Quantity One 

4.6.9 (Bio-Rad) software package. Only signal corresponding to fully bound or 

unbound positions was analyzed; smears due to complex dissociation were not 

included. The integrated volume for each signal was determined by measuring 
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the identical area that encompasses the probe-only control with minimal 

background. 

 

Results of oligonucleotide binding assays were expressed as the fraction of 

oligonucleotide bound and plotted as a function of protein concentration using 

Prism 6.0 (GraphPad Software, Inc., http://www.graphpad.com). Data were fit 

to a one-site hyperbolic binding function including a Hill coefficient 

(Y = Bmax × Xh/{Kd
h + Xh}), where Y is the fraction bound and X is the protein 

concentration (nM), and h is the Hill coefficient. An average of the Hill 

coefficient (h) was determined by finding the slope of a straight line fitted to 

points from a plot of log [θ/(1−θ)] versus log of the protein concentration, 

where θ is the fraction of bound oligonucleotide. 

 

Cross-linking mass spectrometry 

To verify that LSD1/CoREST cross-links to GQ RNA in a specific manner, an 

RNA oligo of TERRA GQ repeats (GG[UUAGGG]8UUA) and a control non-GQ-

forming, size-matched RNA were 5′ 32P-labeled. The RNAs were folded as 

described (CD spectroscopy, Materials and Methods section). The RNA was 

diluted to 1.4 µM in folding buffer plus 0.3 U/μL RNase Inhibitor (Promega, 

N2111) and incubated with or without 1.6 µM LSD1/CoREST at room 

temperature for 10 min. The reaction was then placed on ice and exposed to 

240 mJ/cm2 of 254 nm UV light with a Stratalinker 1800 and separated on a 

4%–20% Mini-Protean TGX Precast Gel (Bio-Rad, 4561094). The gel was 

http://www.graphpad.com/
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exposed using an Imaging Screen-K (Bio-Rad, 1707841) and visualized on a 

PharosFX imager using the Quantity One software system (Figure 16). 

 

The same general protocol was followed to identify the cross-linked peptides, 

with a few important distinctions. 5′-biotinylated RNA was purchased from IDT 

and folded as described above. 20 µM GQ RNA and 40 µM LSD1/CoREST were 

incubated together for 10 min at room temperature before being placed on ice 

and UV-cross-linked alongside a negative-control sample of LSD1/CoREST 

without RNA. The covalently cross-linked LSD1–RNA complex was enriched 

using Sera-Mag magnetic streptavidin-coated beads, medium binding 

(Genesee Scientific, 85–592) and a biotinylated RNA pull-down kit according to 

the manufacturer's instructions (Pierce, 20164). 0.5% SDS and 1% SDS were 

added to the RNA capture buffer and RNA wash buffers, respectively, as these 

conditions removed non-cross-linked LSD1 without disrupting the biotin–

streptavidin interaction (data not shown).  

 

The complex was eluted by boiling in 1xSDS loading buffer and gel purified via 

SDS-PAGE. The cross-linked LSD1 (control) and LSD1–RNA (sample) were 

visualized using colloidal Coomassie blue stain, cut out, and subjected to in-gel 

trypsin digestion overnight. Two separate cross-linking LC–MS/MS experiments 

were performed on two freshly purified LSD1/CoREST samples with a single 

GQ RNA and with a stacked GQ RNA. All samples were injected onto an LTQ 

Orbitrap high-resolution LC–MS/MS system (Vanderbilt Proteomics Core 
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Facility). The isotopic distribution was used to confirm the identity of peptide 

peaks covering ∼75%–80% of LSD1 residues using SkyLine 3.5.198 
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CHAPTER 4 

Identification of RNAs Bound 

by LSD1 and CoREST in Cells 
 

4.1: Introduction 

The specificity of LSD1/CoREST for the TERRA G-quadruplex and the emerging 

role of RNAs in the recruitment of chromatin regulators raise the question of 

the role of GQ motifs in LSD1 recruitment beyond the telomere.  A number of 

studies have identified specific lncRNAs which recruit LSD1 to genes which are 

then regulated through H3K4 or H3K9 demethylation.114–117,199,200  However, 

the determinants that dictate which RNAs are targeted by LSD1 complexes are 

unclear.   

The existing studies of LSD1-bound RNAs have limitations: one looked at 

CoREST-associated RNAs using the less sensitive microarray detection, and the 

other identified LSD1-bound RNAs with a novel formaldehyde-RIP method 

(fRIP).112,113  The latter method pulls down both RNA and DNA, utilizes an 

LSD1-specific antibody which may bind off-targets, and has the potential to 

misidentify RNAs bound to other members of LSD1-containing complexes 

through formaldehyde cross-linking.  In order to better characterize the RNAs 

bound by LSD1, a photoactivatable ribonucleoside-enhanced cross-linking and 

immunoprecipitation (PAR-CLIP) study was commenced based on an 

established protocol.201   

The PAR-CLIP technique has been applied to study the RNAs bound by 

numerous proteins, including the GQ-binding FMRP protein and histone 
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acetyltransferase CREB-binding protein (CRB), yielding insight to the RNA 

regulation and binding specificity of the proteins.202,203  The FMRP system was 

shown to regulate specific mRNAs involved in particular pathways, while CRB 

was found bound to particular enhancer RNAs which led to histone acetylation 

at target genes.   

PAR-CLIP is a powerful technique which incorporates 4-thiouridine or 6-

thioguanosine nucleotide analogs into the RNA transcripts of cells.  The 

analogs are specifically cross-linked with bound proteins by relatively low-

energy 365-nm UV light under native conditions.  The cross-linking reaction 

occurs between 4-thiouridine and the aromatic amino acids phenylalanine, 

tyrosine, and tryptophan as well as lysine and cysteine.204   

A key benefit of PAR-CLIP is that cross-linked 4-thiouridine is interpreted as a 

cytosine by the reverse transcriptase during the generation of the cDNA 

library.  This mutation allows better resolution of the binding site and a 

reduction in signal from non-cross-linked background RNA. (Figure 20)  The 

PARalyzer analysis program developed by Dr. Uwe Ohler’s group uses the 

overlapped reads containing T-to-C conversions to identify clusters which 

represent likely protein binding sites.205   
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Figure 20: PAR-CLIP Theory and 

Workflow. 

(A) Standard 254 nm UV cross-linking between 

uridine and amino acids creates adducts that still 

allow U-A base pairing during reverse transcription.   

(B) In PAR-CLIP, UV cross-linking between 4-

thiouridine and amino acids with 365 nm light 

results in adduct formation at an alternative 

location that results in 4SU-G base pairing. 

(C) PAR-CLIP begins with 4SU incorporation into 

transcripts that are cross-linked with proteins by 

365 nm UV light. RNP complexes are purified by 

immunoprecipitation followed by SDS-PAGE.  After 

enzymatic protein removal, the RNA is reverse 

transcribed into cDNA with T-to-C mutations at 

cross-linking sites. 

Figure adapted from Ascano et al., 2012.206 

A 

B 
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 4.2: PAR-CLIP Results 

Two separate batches of Flp-In HEK293 cells expressing FLAG-HA tagged LSD1 

from a single genomic locus were harvested to create independent indexed 

libraries for sequencing.  Combined, the sequencing runs produced 172 million 

LSD1 reads and 189 million CoREST reads.  The LSD1 and CoREST datasets 

were merged and analyzed with the PARalyzer pipeline.205  The pipeline aligned 

the reads to the human transcriptome, allowing for one T-to-C transition per 

read.  After the pipeline was complete, it generated 59,335 nonredundant 

reads from the LSD1 dataset that correspond to the human transcriptome and 

54,340 nonredundant CoREST reads.  These sequences were organized into 

1,433 and 1,068 clusters, respectively.  Clusters are formed from overlapping 

reads, at least a subset of which contain T-to-C mutations.  

 

The dataset of background PAR-CLIP clusters compiled by the Keene group 

was subtracted from the PAR-CLIP results.207  The same high-occurrence reads 

were shown to reproducibly occur across different PAR-CLIP datasets.  As 

these reads dilute the true binding sites, the removal of background clusters 

enhances the signal of true binding motifs and preferences.  As further 

evidence that these clusters did not represent specific binding sites, the reads 

that make up LSD1 clusters also found in background had a slightly lower T-

to-C conversion rates than other clusters, 30.1% vs. 34.9%.  In total, 15% of 

PAR-CLIP identified genes were eliminated by the removal of clusters 

overlapping with the background datasets. Furthermore, 32% of genes found 
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in both the LSD1 and CoREST-bound datasets corresponded with background 

clusters. (Figure 21)  

 

Enrichment of RNA Classes and G-Quadruplex Motifs 

The lack of a true input dataset complicates the quantification of enrichment.  

In order to identify which transcripts are preferentially bound by LSD1 and 

CoREST, the composition of the mapped RNA reads was compared with the 

composition of RNA clusters.  3’-UTR transcripts are enriched over two-fold in 

both CoREST and LSD1 datasets. lncRNA transcripts and microRNAs are also 

enriched among the LSD1 transcripts but less so in the CoREST data. (Table 3)  

 

A Perl script was modified and used to search for potential G-quadruplex 

forming motifs in the extended clusters dataset.186  G-quadruplexes were 

conservatively defined as conforming to the formula, (G3N1-5)k, where N can 

be A, C, G, or T and k≥4.  G-quadruplexes require four groups of guanosines 

separated by loop sequences to form the four corners of the G-quadruplex.  

Motifs with a k value below 4 were used as a negative control to differentiate 

between general enrichment of guanosine-rich sequences and G-quadruplexes.  

While the LSD1 clusters were not enriched in G-quadruplex motifs, CoREST 

clusters exhibited a 2-fold enrichment for G-quadruplexes after background 

removal. (Table 4) 
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Figure 21: Overlap between genes containing PAR-CLIP clusters. 
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Table 3: Enrichment of Different RNAs in Gene Clusters vs. Reads. 

LSD1 
Transcripts Enrichment CoREST Transcripts Enrichment 

lncRNA 7.92 3' UTR 2.01 

3'utr 2.25 Processed Transcript 1.50 

miRNA 2.14 NMD 1.47 

Intronic 1.24 Unannotated 1.43 

Unannotated 1.15 Intronic 1.42 

Repeat 1.13 lncRNA 1.25 

rRNA 0.72 Stop Codon 1.22 

Processed 
Transcript 0.38 Repeat 1.06 

Stop codon 0.22 snRNA 0.77 

tRNA 0.16 miRNA 0.76 

Mt_tRNA 0.06 Mt_tRNA 0.73 

5'utr 0 5' UTR 0.47 

Mt_rRNA 0 Coding 0.33 

NMD 0 rRNA 0.31 

scRNA 0 Mt_rRNA 0.22 

Start Codon 0 Start Codon 0.21 

  tRNA 0.13 
Enrichment of various classes of transcripts in LSD1 and CoREST PAR-CLIP results 

when comparing the percentage each class contributes to the total number of aligned 

reads versus the PARalyzer identified clusters that represent likely binding sites. 

Annotation performed by Ensembl/HAVANA. 
 

 

 

 

 

 

 

 

Enrichment of G-quadruplexes in LSD1 and CoREST datasets following background 

removal.  In G-quadruplexes over non-G-quadruplex forming motifs according to the 

formula (G3N1-5)k. G-quadruplexes only occur in elements where k≥4.  

Table 4: G-Quadruplex Enrichment. 
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4.3: Validation of LSD1/CoREST Bound RNAs  

The two-fold enrichment of G-quadruplex motifs among the CoREST-bound 

transcripts suggests that the LSD1/CoREST complex globally binds GQs 

regardless of the loop sequence.  In order to verify this hypothesis, in vitro 

binding assays were conducted with several putative GQ-forming RNAs.  

Potential GQs in the LSD1 and CoREST datasets were largely located in mRNA 

introns and at intron/exon boundaries. Three GQ-forming motifs identified at 

LSD1/CoREST binding sites were chosen for in vitro verification.  The motifs 

were found in the intronic regions of the FAM57B, MYO1B, and EPHB1 gene 

transcripts.  The FAM57B and MYO1B G-quadruplex clusters were found in the 

CoREST dataset, while the EPHB1 cluster was associated with LSD1. 

 

The RNAs were transcribed off of DNA oligos with T7 RNA polymerase and 

purified as described in the Materials and Methods section.  CD was used to 

verify GQ formation. (Figure 22)  FAM57B and MYO1B displayed characteristic 

GQ formation.  Subsequent EMSA experiments showed that the LSD1/CoREST 

complex has a comparable affinity for FAM57B and MYO1B as for the TERRA 

RNA consisting of a single GQ motif, demonstrating that the protein complex 

does not specifically bind the TERRA RNA but instead recognizes the RNA GQ 

structure.  The Bmax of the PAR-CLIP identified RNAs were significantly lower 

than for TERRA.  A portion of the population of these RNAs may be folding into 

a conformation incompatible with LSD1/CoREST binding or the protein/GQ 

complex formed by these RNAs is more dynamic and unstable.  The third GQ 

RNA, EPBH1, was tested in a separate set of experiments, but displayed less of 
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a characteristic CD profile and no significant binding with LSD1/CoREST (data 

not shown).  This suggests that EPBH1 does not form a GQ-like conformation, 

though it is possible that there were heterogeneity issues associated with the 

in vitro transcription and sample preparation. 

 

4.4: Implications of PAR-CLIP Study 

lncRNAs are thought to recruit LSD1 to specific genes where LSD1 catalytically 

demethylates histones or serves as a scaffold for additional regulatory 

proteins.114–117,199,200  Surprisingly, a previous fRIP study found that LSD1 

primarily binds mRNAs.113  mRNAs were much more common than lncRNAs in 

the PAR-CLIP datasets, although unannotated reads made up 40% of mapped 

reads and may contain additional lncRNAs which have yet to be unannotated.  

This may represent LSD1 binding at nascent mRNA transcripts or some novel 

function of LSD1. 

When overlapping reads containing T-to-C mutations were grouped into 

clusters representing potential binding sites, lncRNA clusters made up a 

greater percentage of the total clusters than the total mapped reads, although 

the low total number of starting lncRNA reads is still low.  Future studies will 

be needed to test whether these lncRNAs in fact recruit LSD1 to chromatin 

resulting in the regulation of neighboring genes. 
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(A) Putative GQ-forming RNAs from the PAR-CLIP datasets were tested for GQ 

formation with circular dichroism.  TERRA, FAM57B, and MYO1B exhibited the 

characteristic GQ signature. RNA sequences are described in the accompanying 

materials and methods section.  (B) Summary of three EMSA experiments.  The three 

RNAs exhibited similar affinity but variable maximum binding. 

 

  

 
K

D 
(µM) Bmax 

TERRA 1.9±0.18 86.2 

FAM57B 3.7±1.2 44.8 

MYO1B 3.4±0.6 25.8 

Figure 22: LSD1-CoREST Binds PAR-CLIP Identified GQ RNAs. 
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While there is precedent for LSD1 regulation by lncRNAs, the consequences of 

mRNA binding are unknown.  3’ UTR clusters were enriched in both LSD1 and 

CoREST datasets compared with the total mapped reads and are a much larger 

percentage of the total reads and clusters. (Table 3)   G-quadruplexes are 

known to be enriched in 3’ UTRs where they have been shown to regulate 

microRNA binding and polyadenylation; numerous LSD1 and CoREST-bound G-

quadruplexes were located in the 3’UTR region of our dataset.208,209  Further 

work is required to delineate the significance of LSD1 binding at these sites 

and whether they represent a novel function of LSD1, possibly stabilizing GQ 

structures or serving as scaffolds for additional proteins. 

4.5: Materials and Methods 

Generation and Optimization of PAR-CLIP System 

HEK293 cells efficiently incorporate 4-thiouridine and are commonly used in 

PAR-CLIP studies, allowing for relatively consistent protocols and the ability to 

better account for background reads.207  The HEK293 cell line is derived from 

human embryonic cells and is commonly used in PAR-CLIP studies.207  The Flp-

In T-REx-293 cell line genome contains a single site for stable insertion of 

exogenous genes and expresses a tetracycline repressor protein, optimizing it 

for transient, induced gene expression.  The Gateway BP/LR Clonase system 

was used to insert a FLAG-HA tag at the N-terminus of the full-length human 

LSD1 gene in between recombination sites, according to the manufacturer’s 

directions.  The entry vector was transfected into Flp-In T-REx-293 cells with 

Lipofectamine 2000 and cells with stably inserted FLAG-HA LSD1 were selected 
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using hygromycin B selection.  To verify viable gene insertion, clones were 

treated with 3 ng/µL doxycycline for 24 hours, harvested, lysed, and Western 

blotted using anti-HA and anti-LSD1 antibodies. (Figure 23)  Cell lines with 

stable inducible expression of FLAG-HA LSD1 were amplified and frozen to 

make cell line stocks. 

PAR-CLIP experiments were carried out according to a previously described 

protocol.201  The RNase T1 digestion steps were optimized using pilot 

experiments to obtain RNAs in the 19-24 nucleotide range for sequencing. 

RNase and DNase treatment ensured that RNA only and not DNA was being 

purified (Figure 24).  

Briefly, cells were grown to 80% confluency and then treated with 100 µM 4-

thiouridine and 1 ng/µL doxycycline 14 and 24 hours prior to cross-linking, 

respectively.  Cross-linking was performed on ice in a Stratalinker 2400 using 

0.15 J cm−2 of 365 nm light. Upon harvesting, the cell lysate was treated with 

2 U/µL RNase T1 for 15 minutes at 22 °C.  Lysate was then 

immunoprecipitated using anti-FLAG antibody before on-bead digestion using 

0.3 U/ µL RNase T1.  Samples were 32P-radiolabeled using PNK kinase, run on 

as SDS-PAGE gel, and visualized with a phosphor screen. (Figure 23) 

Radioactive bands were observed corresponding with both LSD1 and CoREST 

and the presence of both proteins in the IP was confirmed with Western 

blotting, verifying that CoREST co-immunoprecipitates with LSD1 and both 

cross-link with RNA.  The LSD1 and CoREST bands were extracted, proteinase 

K treated, and reverse transcribed into indexed cDNA libraries using the 
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NextFlex v3 Small RNA Preparation Kit from Illumina and purified on a 3% 

agarose gel using a BluePippin instrument.210  The cDNA libraries were 

sequenced at the Vanderbilt Sequencing Core using NextSeq sequencing. 
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A    B    C 
 

Anti-FLAG IP   Anti-FLAG IP      Dox    +         -         +         -  

Anti-HA Blot     Anti-CoREST Blot 

 

 

 

 

 

 

  

C 

 

Figure 23: Induced expression of FLAG-HA LSD1 and Co-IP of CoREST. 

LSD1 cells were treated with or without 1 ng/µL doxycycline for 24 hours and 4-

thiouridine for 14 hours before cross-linking with 365 nm UV light.  Lysate was 

immunoprecipitated with M2 anti-FLAG antibody and blotted with 12CA5 anti-HA 

antibody (A) or CoREST specific antibody (B).  The band beneath LSD1 is from a cross-

reaction with the IP antibody. (C) Stable FLAG-HA expressing cells were induced, 

treated with 4-thiouridine, cross-linked, immunoprecipitated with M2 anti-FLAG 

antibody, 32P-radiolabeled, and run on a 4-20% gradient SDS-PAGE gel.  The gel was 

then exposed with a K-screen phosphorimager screen.  The bands correspond with the 

migration of LSD1 and CoREST. 
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Figure 24: RNA binding by LSD1 and CoREST after Cross-link and IP. 

(A) Both LSD1 and CoREST bands have associated RNA signal. Bands from previous figure were 

extracted, proteinase K treated, and run on a 16% polyacrylamide 8M urea denaturing gel.  Radiolabeled 

19 nt and 24 nt markers were run alongside the samples to denote the desired range for cDNA library 

generation.  (B) An LSD1 band was extraction as in A and divided into aliquots that were treated with 

proteinase K and RNase I (230 U/µL, 20 minutes at room temperature).  The samples were run out on a 

16% PA-8M Urea-1xTBE gel. Lane assignments: 1) Proteinase K treated; 2) Proteinase K+RNase 

treated; 3,4) No treatment.  The results indicate that the sample is RNase sensitive and not associated 

DNA. 
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Identification and Biophysical Testing of GQ RNAs 
 

RNAs were identified by adapting a search script from Wang et al., 2017, to 

search for GQ motifs in the PAR-CLIP defined clusters.186 Cluster sequences 

were extended by 20 nucleotides in either direction to account avoid 

eliminating GQs due to prematurely cutting off motifs at the cluster boundary. 

Circular dichroism and EMSA assays were conducted as described in Chapter 3 

materials and methods section in K+ conditions. The RNA sequences were as 

follows: TERRA=UUAGGGUUAGGGUUAGGGUUAGGGUUAU 

FAM57B= GGUGGAGGGUGGGAGGGUGUACGGGGAAG  

MYO1B= GGGUGUGGGUAGGGAAGAGGGGAACACUGGG 

EPHB1= GGGGGUGGGGUUCAGGGACAGAGGGGUGGGAAAU  

RNAs were prepared by T7 RNA polymerase transcription followed by 

denaturing gel purification.   
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CHAPTER 5 

Discussion and Conclusions 
 

ncRNAs represent a large, diverse, and biologically important class of 

biomolecules, but our understanding of the mechanisms underlying RNA 

interactions remains relatively primitive.  At the time of this writing, RNA-

containing structures represent only 2.7% of all PDB-deposited structures and 

RNAs make up a sliver of drug targets.211,212 (https://www.rcsb.org) In order 

to more fully understand the biology and eventually target RNAs and RNA-

protein complexes with novel therapeutics, it is critical to better understand 

these interactions both structurally and biochemically.  This study advances 

that aim by studying the recognition of structured RNAs by two enzymes, 

PRORP and LSD1. 

 

Summary of Structural and Biochemical PRORP Studies 

PRORP separates the long polycistronic mitochondrial transcript by catalyzing 

the hydrolysis of the phosphodiester backbone on the 5’ end of mitochondrial 

pre-tRNAs.  These pre-tRNA genes are genetic hotspots of disease-associated 

SNPs which are linked to an accumulation of precursor tRNAs.129–131  The RNAs 

are also processed by additional PPR domain proteins which may utilize similar 

mechanisms of recognition to PRORP.139  Although recent studies have greatly 

advanced our models for how PRORP binds and cleaves its substrate, a crystal 

structure of the complex would shed light on precisely how PRORP and other 

mitochondrial PPR proteins recognize pre-tRNAs.   
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Towards this end, variants of the A. thaliana PRORP3 enzyme were cloned, 

expressed, and purified.  Truncations of the N-terminus removed disordered 

regions of the protein and variants were cloned with inactivating mutations at 

the active site.  Minimal pre-tRNA substrates were designed which contained 

only the necessary T-domain and acceptor stem and were engineered with 

kissing loops and tetraloop elements to promote crystallization.  These pre-

tRNAs were produced via in vitro transcription and verified as substrates with 

binding studies and activity assays.  Various crystal screens were performed, 

but with limited success; only crystals of the PRORP enzyme alone were 

obtained, and the crystal was not readily reproducible. 

 

Future Prospects 

Future studies can build on these results.  Additional PRORP variants can be 

created, guided by rational approaches as surface entropy reduction to 

promote crystallization and the optimization of construct properties.213,214  

More thermostable substrates such as engineered T. thermophila pre-tRNAs 

may yield better results.  Ultimately, however, recent advances make cryo-

electron microscopy an attractive method for this system.  While obtaining a 

structure nearing the atomic-level resolution of X-ray crystallography would be 

very technically challenging for the small A. thaliana system, a cryo-EM study 

of the human mitochondrial complex is a realistic prospect.  This approach has 

the added potential of readily obtaining structures for multiple different states, 

including both substrate and product bound complexes.  Such structural 



 

 

94  

studies would aid in the understanding of mitochondrial biology and the 

pathogenesis of tRNA-related diseases. 

 

LSD1-RNA Project Overview 

RNA plays a number of roles in chromatin regulation and is capable of both 

coordinating large-scale chromosomal architecture and regulating the 

recruitment of protein complexes to chromatin.215,216 The structural basis of 

these interactions has largely remained obscure.  The histone demethylase 

LSD1 relies on forming complexes with additional factors for genomic 

localization, and in 2010 the lncRNA HOTAIR was demonstrated to functionally 

recruit LSD1 to specific genes.110  However, the features that led to the specific 

LSD1-HOTAIR interaction remain unknown.   

 

Characterization of the LSD1-TERRA Interaction 

The subsequent discovery that the GQ-forming lncRNA TERRA also recruits 

LSD1 provided the opportunity to investigate LSD1 binding with a well-

structured substrate.46  Binding studies established that the LSD1-TERRA 

interaction is dependent on the tertiary GQ RNA fold and not the result of 

sequence specificity.  It was recently reported that the other HOTAIR-binding 

chromatin regulator, the methyltransferase PRC2, also contains intrinsic GQ 

specificity.186 However, it is not yet clear whether these GQ RNA recognition 

properties are involved with the HOTAIR interactions. 

 

Cocrystallization studies with the LSD1/CoREST complex and telomeric GQ 
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RNAs were unsuccessful, with the components crystallizing independently but 

not as a complex. An alternative cross-linking/mass spectrometry approach 

was devised and optimized, and the results indicated that the binding site is 

located on the regulatory SWIRM domain of LSD1.  Subsequent data from a 

high-throughput cross-link/proteomics study in mouse stem cells corroborated 

this noncanonical RNA binding site.173  Future work with hydrogen/deuterium 

exchange and potentially electron microscopy could better characterize the 

binding interface in a cross-linking independent manner and identify potential 

conformational changes. Additional enzymatic studies with nucleosome 

substrates would provide insight into the functional consequences of GQ 

binding.  Finally, preliminary negative-stain EM studies have been promising, 

with particles exhibiting the native conformation and GST-tagging 

LSD1/CoREST inducing dimerization to achieve the necessary molecular size. 

(Data not shown) Gold labeling of RNA allows EM visualization, though cross-

linking likely needs to be employed to obtain analysis of complexes.  

 

Identification of LSD1/CoREST Bound Transcripts 

PAR-CLIP was employed to better understand LSD1 regulation and function by 

identifying associated transcripts in human cells.  Endogenous CoREST co-

immunoprecipitated with FLAG-HA tagged LSD1. The CoREST and LSD1 

associated RNAs were analyzed and found to largely bind independent 

transcripts.   

 

Potential GQ motifs were identified in the PAR-CLIP results, and several 
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potential motifs were validated in vitro with CD and shown to bind 

LSD1/CoREST with similar affinity to the TERRA GQ.  This demonstrates that 

the LSD1/CoREST complex contains specificity for the RNA GQ and is not 

significantly affected by changes in the identity or length of the loop regions.  

However, unlike TERRA, these GQ elements were typically only capable of 

forming a single GQ structure and could not fold into the stacked dimeric GQs 

that are formed by longer TERRA constructs and preferred by LSD1.  

Therefore, it is possible that these are poorer substrates in cells. 

 

LSD1 and CoREST largely bound intronic regions of mRNAs, a result that is 

consistent with previous studies.113  It is unknown at this time whether these 

represent nascent, chromatin-associated pre-mRNA transcripts that could 

target LSD1/CoREST to chromatin or if the interaction serves some other 

undefined function.  lncRNAs occurred with more frequency in the identified 

protein binding sites than in annotated reads as a whole, indicating that they 

represent a valid subset of LSD1-bound RNAs, but were present at low levels 

overall.  A large proportion of mapped transcripts were located in unannotated 

regions, a pool which may contain additional unverified lncRNAs.   

 

There are examples of lncRNAs recruiting LSD1 complexes with either H3K4 or 

H3K9 demethylation activity, suggesting that various LSD1-containing 

complexes are associated with different transcripts.114–117 Future ChIP and co-

immunoprecipitation studies will be needed to determine what macromolecular 

LSD1/CoREST complexes are bound with these various RNAs and to quantify 
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the resulting epigenetic effects. 

 

In conclusion, this body of results underscores the role of structured RNA 

motifs in RNA/protein interactions.  Combining in vitro and cellular assays 

allows for dissection of the determinants of binding while ensuring the 

applicability of the system to biological processes.  Future studies will hopefully 

lead to a deeper understanding of how RNA transcripts regulate chromatin 

through lncRNA/protein complexes and how RNA processing proteins such as 

PRORP distinguish and regulate target RNAs, potentially resulting in better 

techniques to target RNA/protein complexes in the treatment of clinical 

disorders. 
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