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Heterogeneous nuclear ribonuclear protein A18 (hnRNP A18) is an RNA binding protein
(RBP) is upregulated in response to cellular stressors such as cold, UV, and hypoxia. Upon cellular
stress, hnRNP A18 is phosphorylated in the nucleus by casein kinase-2 (CK-2) and glycogen
synthase kinase-3β (GSK-3β). Upon phosphorylation, hnRNP A18 translocates to the cytosol
where it interacts with pro-survival mRNA transcripts and stabilizes them to increase their
translation. hnRNP A18 is differentially upregulated in solid tumors in response to low oxygen
tension where it stabilizes pro-survival mRNA transcripts, such as hypoxia inducible factor-1α
(HIF-1α) and Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). Chemotherapeutics that
target HIF-1α and CTLA-4 have demonstrated increased patient progression-free survival. hnRNP
A18 presents a unique advantage in the ability to target both the hypoxic cellular responses and
immune checkpoints in cancer.
Toward the development of hnRNP A18 inhibitors, the X-ray crystal structure of the
hnRNP A18 RNA recognition motif (RRM) was solved and used in the design of inhibitors for
hnRNP A18 that disrupt RNA binding with the RRM. Initial inhibitors were identified through the
Site Identified Ligand Competitive Saturation (SILCS) computational screening method. Nuclear
magnetic resonance (NMR) screening of these compounds produced a lead compound that was

further refined. Subsequently identified compounds were analyzed for hnRNP A18 binding,
specificity, membrane permeability, and binding affinity. This work serves as a foundation for
investigation of hnRNP A18 inhibitors in vivo and toward the development of an hnRNP A18
therapeutic approach.
Phosphorylation by CK-2 and GSK-3β is required for nuclear to cytosolic translocation
upon cellular stressors. CK-2 phosphorylation primes hnRNP A18 for GSK-3β phosphorylation,
which subsequently increases hnRNP A18 affinity for target mRNA transcripts. To understand the
structural and functional impact of such post translational modifications, hnRNP A18 was
phosphorylated by CK-2 and the structural impacts of the phosphorylation were analyzed by NMR.
RBPs, like hnRNP A18, are involved in a variety of cellular processes and disease pathologies,
such as carcinogenesis and neurodegenerative disorders. Insight into the biological and structural
mechanisms of RBP action can aid in the development of therapeutic strategies important for the
treatment of such pathologies.
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Chapter I. An Overview of hnRNP A18 Structure and Function
1. Overview
This chapter introduces the protein of interest, heterogeneous nuclear ribonucleoprotein A18
(hnRNP A18) through a brief overview of RNA Binding Protein (RBPs), intrinsically disordered
proteins (IDPs) and intrinsically disordered domains (IDDs), and the hnRNP A18 literature. This
review focuses on hnRNP A18 as a therapeutic target and a model to investigate the impact of
post-translational modifications (PTMs) in RNA binding proteins (RBPs). In response to cytotoxic
stress, such as UV, cold, or hypoxia, hnRNP A18 is phosphorylated and translocates from the
nucleus to the cytosol, where it binds to and stabilizes pro-survival mRNA transcripts1-4. hnRNP
A18 is upregulated in a variety of solid tumors such as breast, colon, and malignant melanoma 5.
hnRNP A18 promotes tumor growth and metastasis through the upregulation of pro-survival
mRNAs5,6. Toward the development of clinically utilized hnRNP A18 inhibitors, small molecules
that selectively target the RNA recognition motif (RRM) of hnRNP A18 were developed. These
inhibitors block the hnRNP A18 RRM interaction with target mRNAs.
Besides being an attractive therapeutic target, hnRNP A18 is also an optimal model to
investigate the structure and function of RBPs. hnRNP A18 contains an N-terminal RNA
recognition motif (RRM), a structured motif that interacts with the nitrogenous bases of RNA, and
a C-terminal intrinsically disordered domain (IDD). IDDs are involved in a variety of cellular
signaling cascades as well as liquid-liquid phase separation (LLPS)7-10. LLPS and the formation
of membraneless organelles has been demonstrated to play a dynamic role in many physiological
processes, as well as in the progression of carcinogenesis and neurodegenerative disorders8,11-14.
Understanding the mechanisms that drive RBPs to promote LLPS in physiological states is crucial
to understanding the contribution of RBP disfunction in disease. The development of inhibitors
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for specific RBPs will enable further exploration of RBP function, but also aid in the development
of clinically relevant therapeutic options that exploit RBP biology.
2. A Brief introduction to RNA Binding Protein Biology
Post-transcription gene regulation is vital for the global management of RNA. Regulation
ensures proper cellular metabolism, transport, stability, and degradation of all RNAs. The
formation of ribonucleoprotein (RNP) complexes composed of RNA and RBPs is essential for
such regulation15. Initially, RBPs were characterized through methods such as gel electrophoresis
of nuclear extracts or RNA affinity purification in tandem with mass spectrometry and/or
immunoprecipitation16,17. Development of methods such as next-generation sequencing and
improvements in protein mass spectrometry procedures, enabled more profound identification of
RBPs, their required protein cofactors, and their target mRNAs18,19. Immunoprecipitation of RBPs
with or without RNA-protein crosslinking, demonstrated that many RBPs interact with a diverse
range of transcripts in cells and at specific binding sites20. The specificity of RBPs for certain
mRNAs as well as the ability of mRNAs to interact with multiple RBPs enables coordination of
cellular processes such as metabolism, stress response, cell cycle progression, angiogenesis, and
apoptosis19,21.
Most of the literature investigations have focused on mRNA RBPs. However, RBPs also
interact with and are involved in the processing of non-coding RNAs (ncRNAs), which are RNA
transcripts involved in the regulation of biological processes although they do not code for protein
expression22. RBPs can also interact with ribosomal RNA (rRNA), transfer RNA (tRNA), prerRNAs, small nuclear RNAs (snRNAs), and small nucleolar RNAs (snoRNAs). Single RBPs can
even interact with multiple types of RNA15. A deep review of RBP biology outside of mRNA
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RBPs is outside of the scope of this review. However, other reviews in this area have been
published and provide a thorough examination of such topics23-25.
Most RBPs are expressed in a wide variety of tissues and cell types. However, they are
typically expressed at levels much greater than average cellular proteins. For example, even though
there are approximately 1,500 RBP genes and roughly 1,700 transcription factor (TF) genes, RBPs
contribute approximately 20% to the protein-coding transcriptome, but only TFs contribute up to
3% of the protein-coding transcriptome15. These relative abundances within the protein-coding
transcriptome suggest the importance of post-translational gene regulation and processes within
the cell. Tumors and immortalized cellular lines expression RBPs at higher levels than normal
tissues, which demonstrates an increased demand in protein production, as well as dictates the
changes in protein expression related to carcinogenesis26,27.
To promote both normal physiological processes and promote disease states, RBPs interact
with both single and double stranded RNA to form ribonucleoprotein complexes that play a crucial
role in transcription and translation28,29. Mammalian RBPs have been demonstrated to interact with
specific subsets of mRNA populations30. The structure of fully processed eukaryotic mRNAs
enables for post transcriptional regulation and recognition of the mRNAs by RBPs. Processed
eukaryotic mRNAs contain a 5' cap, a 5' untranslated region (UTR), a coding sequence, a 3' UTR,
and a poly-adenylate (poly-A) tail. The 5' cap contains a 7-methylguanosine, which is critical for
recognition by translation machinery and protection from degradation. The poly-A tail also
protects the mRNA from degradation31. The flanking 5' and 3' UTRs of eukaryotic mRNAs contain
regulatory sequences that enable post-transcriptional regulation such that mRNAs can either be
expressed independently or together as needed30.
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mRNA populations are not limited to interaction with a single RBP. While RBPs recognize
specific consensus structures within the UTRs of mRNAs, mRNAs can co-precipitate and interact
with multiple RBPs21,32. Multiple regulatory elements can also exist within a single mRNA. For
example, several regulatory elements have been found in the c-myc mRNA. c-myc is a protooncogene that controls many aspects of cellular growth and metabolism33. Within the c-myc 5'
UTR sequence there is an internal ribosome entry site (IRES), which enables translation of the
mRNA in a cap-independent manner34. An adenosine-uracil rich element (ARE) is located in the
c-myc 3' UTR35. AREs can be recognized by a variety of RNA binding proteins that specifically
recognize AREs, ARE-binding proteins (ARE-BPs). ARE-BPs can directly modify mRNAs or
recruit other interaction partners, such as mRNA decay machinery or kinases, to target and modify
the mRNAs36. Finally, the c-myc coding region of the mRNA contains a binding site for an RBP37.
Thus, there are a variety of mechanisms and structures in which RBPs can interact with target
mRNAs.
To interact with their target mRNAs, RBPs contain different modules and domains, often
containing more than one of each type of domain or module. These domains can be utilized to
directly interact with mRNAs, participate in functions such as alternative slicing of the mRNA, or
recruit other protein-protein interaction partners, many of which are important for translation or
degradation38. Examples of common RNA binding domains are the RNA recognition motif (RRM)
and k-homology (KH) domains. Within the RRM, aromatic residues interact with the nitrogenous
bases of mRNAs through π-π stacking, when a conserved arginine residue forms a salt bridge with
the phosphate backbones of target mRNAs39. KH domains recognize mRNAs through nonaromatic hydrophobic residues that interact with the nitrogenous bases of the mRNA and the
formation of hydrogen bonds with a GXXG loop, where X represents any amino acid 40,41.
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Besides containing conserved, structured RNA binding domains, RBPs often have intrinsically
disordered domains (IDDs). The IDDs are typically long-linking domains between various RNAbinding domains 38. Initially, the abundance and function of protein disorder domain was unknown.
In the mid 1990s, experimental studies and bioinformatics investigations determined that regions
of disorder were common among eukaryotic proteins, especially proteins involved in cellular
regulation and signaling42,43. The sequence of IDPs and IDDs characteristically have low amino
acid complexity, low proportions of bulky hydrophobic residues, and high proportions of
hydrophilic and charged residues. Residues known for promoting disorder include the polar
residues Arg, Gly, Gln, Ser, Glu, Lys. IDPs and IDDs are also rich in the hydrophobic residues
Pro, which are hydrophobic but also disrupt structure, and Ala44,45. While proteins with IDDs are
completely functional, these domains lack typical well defined secondary protein structure.
Instead, they adopt a dynamic assortment of conformations ranging from expanded coils to
collapsed globules46. Upon interaction with targets, IDDs can adopt a wide range of conformations.
These conformational changes can span from a completely ordered conformation that retains a
considerable amount of disorder47.
The sequence dictated range of conformations enable IDDs and IDPs to play dynamic roles in
mediating intracellular signaling through conserved motifs and sequences that facilitate proteinprotein or protein-nucleic interactions46. Upon interaction with binding partners, IDPs can fold
through a process known as coupled folding and binding48,49 or they can form ‘fuzzy’
complexes50,51. Fuzziness in protein complexes describes the phenomenon in which the binding of
the functional portions of the protein complex do not adopt a single conformational state, but rather
a dynamic ensemble of states in fluctuation. Multiple conformational states of the complex can
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occur that produce the intended function. The crucial parts of the protein complex are present, but
can form a few or multiple conformations50.
The IDDs of RBPs promote liquid-liquid phase separation (LLPS) and formation of
biomolecular condensates, such as stress granules. While IDDs are not required for biomolecular
condensate formation, they are the driving force for this function within RBPs 8,10. In LLPS, a
density transition occurs where a dense phase, which is enriched in macromolecules such as RBPs
and RNA, and a dilute phase, which contains little of the macromolecules, co-exist. The dense
phase can often appear as dense liquid-like droplets surrounded by the dilute phase7,8,10. These
liquid-like droplets can be utilized to sequester and co-localize proteins for important cellular
processes such as stress granule formation13. During cellular stress, stress granules form by the
sequestration of RNPs, RNA, and often translational machinery. Stress granules can preserve
mRNAs for translation after the cellular stress response. However, aberrant stress granule
formation is associated with the development of neurodegenerative disorders and promotion of
carcinogenesis52,53.
3. RNA Binding Proteins in Human Disease
Disruption or dysregulation of RBPs has been correlated with disease phenotypes. These
phenotypes can be promoted by dysregulation of RBPs with tissue-specific expression or loss of
function by RBPs with no specificity in expression. For example, infertility can occur due to lossof-function within germline-specific RBPs54. However, loss of function for RBPs that lack tissuespecific expression, can also present with highly tissue specific pathologies. This can occur
because of changes in tissue specific RBP binding targets or co-factors, and because of tissue
specific dependence on post-translational gene regulation. For example, fragile X mental
retardation protein (FMRP) is a widely expressed RBP that influences in many aspects of gene
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expression, such as RNA stability and translation55. FMRP is also involved in regulation of
ribosomal translocation56. However, loss of FMRP expression most notably induces the most
severe phenotypes in neuronal cells because of its increased expression in neuronal tissues.
Epigenetic silencing of the fragile X mental retardation 1 (FMR1) gene expression and subsequent
loss of FMRP, the FMR1 gene product, promotes the pathology of the neurodevelopment disorder
Fragile X Syndrome (FXS).
Disease pathologies can also be promoted by mutations in RBPs and often mutations in
multiple RBPs can promote the same pathology. For example, Amyotrophic Lateral Sclerosis
(ALS) is promoted by mutations in heterogeneous nuclear RNPs (hnRNPs) A1, A2, and B, as well
as TAR DNA binding protein (TARDBP) and fused in sarcoma/translocated in liposarcoma
(FUS/TLS)14,57,58.

ALS pathology is characterized by accumulation of prion-like protein

aggregations and RNA-protein complexes within the motor neurons59.
RBPs are not only involved in neurodevelopment and neurodegenerative disorders. Due to
their impact on cell cycle regulation, metabolism, differentiation, and apoptosis through posttranslational regulation, RBPs have been demonstrated to play a role in carcinogenesis26,60. Src
associated in mitosis, of 68 kDa (Sam68), is an RBP that predominantly resides in the nucleus and
is involved in mRNA transcription, alternative splicing, and nuclear export61,62. Data suggests that
abhorrent regulation of Sam68-regulated splicing events are involved in the promotion epithelial
to mesenchymal cell transition (EMT), a mechanism by which cancer cells acquire invasive and
metastatic potential63-65. Another RBP, eukaryotic initiation factor 4E (eIF4E) binds to the mRNA
5' cap structure and interacts with eukaryotic initiation factor 4G (eIF4G), which subsequently
recruits the 43S ribosomal complex during translation initiation. eIF4F over expression, as well as
that of other eukaryotic initiation factors, has been documented in a variety of tumors (breast,
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prostate, gastric, colon, lung, and lymphomas) and elevated eIF4F expression correlates with
poorer patient prognosis66-69.
The genetic profiles of cancer cells within a primary tumor and subsequent metastasis can
dramatically differ70. Targeted therapies, such as the BRAF inhibitors Vemurafenib and
Dabrafenib, provide opportunities to selectively target cancer cells that harbor such mutations.
However, patients often development resistance to the BRAF targeted therapy through cancer cell
reliance on alternative signaling mechanisms or the survival of tumor cells without the mutations
under therapeutic selective pressure71. The integration of oncogenic signals through translational
control of RBPs provide a therapeutic opportunity to selectively target cancerous cells based on
their elevation of protein translational machinery and protein synthesis72. In this manner, targeting
of cancerous cells is not reliant on specific genetic lesions, but rather targets cancer cells at a more
integrative component of cellular proliferation, cell cycle regulation, metabolism, apoptosis, and
angiogenesis73,74.
Targeting of elevated RBPs that are broadly expressed in various cell types, such as eIF4G, or
other translation initiation factors could potentially lead to off target therapeutic effects. However,
RBPs such as heterogeneous nuclear ribonucleoprotein A18 (hnRNP A18) are selectively
upregulated in cancerous tumors, but lowly expressed in normal cellular tissue5. hnRNP A18
upregulates pro-survival mRNA transcripts such as thioredoxin (TRX) and hypoxia-inducible
factor 1α (HIF-1α), and Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), an immune
checkpoint receptor5,6. HIF-1α regulates the hypoxic cellular response, which promotes therapeutic
resistance and tumor metastasis75,76. CTLA-4 monoclonal antibody therapy treatment has
demonstrated increased activation of patients’ immune system toward cancerous tissue and
improved cancer patient overall and progression free survival77-80. Thus, hnRNP A18, and RBPs,
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provide an ample opportunity to selectively target cancerous tissue through action on multiple
facets carcinogenesis through a single target.
4. Heterogeneous nuclear ribonucleoprotein A18 (hnRNP A18)
hnRNP A18, has been demonstrated to be upregulated in melanoma, breast, prostate, and colon
tumors5. It is hypothesized that hnRNP A18 contributes to carcinogenesis through upregulation of
the cellular stress response and stabilization of pro-survival mRNAs1-4. hnRNP A18 was first
discovered through its rapid upregulation in response to UV radiation81. Subsequently, hnRNP
A18 was also identified in mice as a response to cold stress and is also known as cold-inducible
RNA-binding protein (CIRBP)82. However, because hnRNP A18 is upregulated in a wide variety
of cellular stress responses, we argue that the name hnRNP A18 is more appropriate within the
literature than CIRBP. Human hnRNP A18 shares 95% amino acid similarity with mouse and rat
hnRNP A18, which have identical sequences83. Human hnRNP A18 is a 172-residue protein that
contains a structured N-terminal domain containing an RNA recognition motif (RRM), and Cterminal intrinsically disordered domain (IDD) (Figure 1.1A).
The RRM is a highly conserved RNA-binding domain that interacts with the nitrogenous
bases and phosphate backbone of mRNAs 39. The RRM of hnRNP A18 contains two conserved
ribonucleoprotein (RNP) motifs in the center two strands of a four strand β-sheet (Figure 1.1).
These RNP motifs facilitate interaction with mRNA nucleic acids through π-π stacking through
aromatic residues (F9, F49, and F51 in hnRNP A18) in the RRM with the nitrogenous bases of
nucleic acids RNA39,84. Within the RGG motif, hnRNP A18 contains three RGG sequences each
spaced 8 residues apart. Between the second and third RGG sequences there is a tri-RG motif of
three RG repeats. RGG motifs and tri-RG motifs can mediate nucleic acid-protein interactions
(NAPIs) and protein-protein interactions (PPIs).
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RG and RGG repeats can also become

methylated by protein arginine methyltransferases (PRMTs) and act to facilitate protein-protein
interactions (PPIs) or regulate cytosolic location85-87. Further in the IDD, there is also a region rich
in RSY domains or post-translational modifications through serine or threonine phosphorylation
by CK-2 and GSK-3β.
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Figure 1.1 The structure of hnRNP A18. A. A diagram demonstrating the location of the RRM,
RGG motif, and the RSY domain within hnRNP A18. B. Schematic of the β-sheet from the hnRNP
A18 RRM highlighting the location of the residues important for the RRM interaction with nucleic
acids. C. A schematic representation of the region of predicted CK-2 and GSK-3β phosphorylation
sites in the RSY domain of hnRNP A18. Red letters indicate predicted CK-2 phosphorylation
residues and purple letters indicate predicted GSK-3β phosphorylation residues. D. Alignment of
the RGG motifs within hnRNP A1, hnRNP A18, and RBM3. The yellow letters highlight the RGG
repeats in all proteins. Red letters indicate the RGRGRG sequence found within hnRNP A18.
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5. Regulation of hnRNP A18 Expression Under Cellular Stress
hnRNP A18 is a master regulator for a variety of cytotoxic stress responses such as UV and
hypoxia, as well as inflammatory responses4,88-90.

Secreted hnRNP A18 acts as a damage

associated molecular pattern (DAMP) via interaction with the toll like receptor 4 (TLR-4) and
myeloid differentiation factor 2 (MD-2) complex to trigger an inflammatory response via tumor
necrosis factor α (TNF-α) and high mobility group box 1 (HMGB1) secretion. The mechanism of
hnRNP A18 secretion into the systemic vasculature is not clear. However, neutralization of
circulating hnRNP A18 with anti-hnRNP A18 antibodies was found to reduce the inflammatory
response and protected the liver from ischemic-reperfusion injury89,90.
Secreted proteins typically contain an endoplasmic reticulum (ER) signaling sequence that
targets the ribosomes synthesizing secreted proteins to the rough ER. The ER signaling sequence
is an amino acid sequence, typically at the N-terminus, but not always, that is recognized by signalrecognition particles (SRPs). The ER signaling sequence is typically cleaved during posttranslation modifications. A complex of SRPs binds to both the ER signal consensus sequence and
the SRP receptor at the ER membrane91. As the proteins for secretion are synthesized, they cross
the ER membrane co-translationally during their synthesis. Soluble proteins are then localized to
the ER lumen and subsequently sent to the lumen of other organelles or secreted from the cell 92.
hnRNP A18 does not contain an ER signaling sequence, because it is typically located in the
nucleus prior to activation of the cellular stress response.
In response to cytotoxic stress, hnRNP A18 is phosphorylated in the C-terminus by casein
kinase 2 (CK-2) and glycogen synthase kinase 3β (GSK-3β) (Figure 1.1)2. Upon phosphorylation
by CK-2 and GSK-3β, hnRNP A18 translocates from the nucleus to the cytosol, where it binds to
and stabilizes pro-survival mRNA transcripts, such as hypoxia inducible factor 1α (HIF-1α),
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Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), and thioredoxin (TRX)5,6. These prosurvival mRNA transcripts contain a 51 nucleotide hnRNP A18 consensus motif in the 3'
untranslated region (3' UTR). The hnRNP A18 consensus motif is highly structured (Wilson,
Carrier unpublished data), which may explain some of the selectivity of hnRNP A18 and other
RBPs for different mRNA transcripts. For example, even though hnRNP A18 and hnRNP A1 have
40% sequence homology within their RRMs, the RBPs have distinctly different target mRNAs
and are upregulated in slightly different pathologies (Table 1.1). hnRNP A18 upregulation is
associated with carcinogenesis and protection from oxidative stress, whereas hnRNP A1
upregulation and/or mutations are associated with carcinogenesis, but also neurogenerative
disorders such as amyotrophic lateral sclerosis (ALS)2,3,26,58.

Table 1.1 A non-exhaustive list of mRNA targets of hnRNP A18 and hnRNP A11,93
hnRNP A18
hnRNP A1
Replication Protein A2
Basic Fibroblast Growth factor (FGF2)
Thioredoxin
Cyclin D1
Ferritin L chain
cMyc
Nucleophosmin
BRCA1
Medium-chain acyl-CoA dehydrogenase
Glutathione transferase Ω
(MCAD)
Cyclophilin B
Myelin-associated glycoprotein (MAG)
HIF-1α
TNF Receptor Superfamily Member 6 (Fas)
Translational elongation factor 1α
Insulin receptor gene (INSR)
TIM 22 homolog
Amyloid precursor protein (APP0)
NADH-ubiquinone oxidoreductase Dystrophin
Proto-oncogene tyrosine-protein kinase Src
Myosin regulatory light chain
(c-SRC)

hnRNP A18 also interacts with eukaryotic Initiation Factor 4G (eIF4G)2. eIF4G acts as a
scaffold to recruit machinery required for protein translation and upregulation of target mRNAs in
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a cap-dependent manner94 (Figure 1.2). As occurs for the yeast protein Scd6, hnRNP A18
potentially interacts with eIF4G through the RGG motif. However, further research needs to be
performed to confirm this hypothesis. The RGG motif in Scd6 contains six RG sequences with a
terminal RGG sequence. In yeast, the binding of Scd6 to eIF4G represses translation without
disruption of the mRNA cap complex. This potentially stabilizes mRNA transcripts and sequesters
translational machinery while cells undergo responses to cellular stress85. While the functions of
hnRNP A18 and Scd6 appear to be opposite of each other, they could both potentially interact with
eIF4G in a similar mechanism through the RGG motif.
6. The Role of hnRNP A18 in Carcinogenesis
When hnRNP A18 binds to mRNA transcripts, it stabilizes them and recruits other proteins,
such as eIF4G, required for protein translation in cellular stress conditions 2,5. Upregulation of
hnRNP A18 target mRNAs, like HIF-1α and CTLA-4, promotes cancer cell metastasis and
functions to downregulate immune system responses79,80, respectively.
HIF-1α is a subunit of the heterodimeric transcription factor HIF-195-97. HIF-1α drives the
adaptive cellular response to low oxygen tension through activation of gene expression programs
that control cellular metabolism, angiogenesis, glucose uptake, cell proliferation, differentiation,
and apoptosis98. During normoxic cellular conditions, HIF-1α is hydroxylated by prolyly
hydroxylase domain protein (PHD). Once hydroxylated, the von Hippel-Lindau (VHL) protein
conjugates with HIF-1α, which targets HIF-1α for ubiquitination and eventual degradation by the
proteosome. Under hypoxic conditions, HIF-1α is not hydroxylated and translocates to the nucleus
where it interacts with HIF-1β. The heterodimeric protein complex acts as a transcription factor to
increase gene transcription for processes such as erythropoiesis, reprogramming of cellular
metabolism, and angiogenesis99. Clinically, HIF-1α upregulation has been demonstrated to
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increase resistance to chemotherapy and radiotherapy treatment. Applications that either directly
or indirectly decrease HIF-1α expression and are utilized in conjunction with other anti-cancer
therapies have demonstrated an increased response to radiotherapy and chemotherapy100.
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Figure 1.2 Regulation of hnRNP A18. Upon cellular stress, such as UV or hypoxia, hnRNP A18
is phosphorylated by CK-2 and GSK-3β. After phosphorylation, hnRNP A28 translocates from the
nucleus to the cytosol where it interacts with and stabilizes pro-survival mRNAs that contain the
hnRNP A18 consensus sequence. hnRNP A18 also interacts with eIF4G to promote cap-dependent
translation. Methylation of hnRNP A18 by PRMT1 regulates nuclear transport. TNPO1 imports
unmethylated hnRNP A18 back into the nucleus.
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CTLA-4 is also known as cluster of differentiation 152 (CD 152) and is a receptor that acts as
an immune checkpoint. When CTLA-4 binds to cluster of differentiation 80 (CD 80) or cluster of
differentiation 86 (CD 86), it downregulates the immune response in T lymphocytes 77,78. CTLA-4
activation downregulates the immune response toward self-tissues and cancerous tissues that
express CD80 or CD86 ligands, which enables such tissue to avoid destruction by the immune
system79,80. Treatment of patients with anti-CTLA-4 antibodies, such as Ipilimumab, have
demonstrated prolonged patient progression-free survival in late stage metastatic cancers, such as
malignant melanoma, when compared to traditional chemotherapeutic treatment alone101.
Elevation hnRNP A18 and HIF-1 within tumors is associated with poor cancer patient
prognosis4,5,76. To the investigate the impact of hnRNP A18 impact on carcinogenesis, hnRNP A18
shRNA was stably transfected into LOX-IMVI, a melanoma tumor cell line. The cells were
subsequently injected into the left flank of athymic mice and LOX-IMVI cells transfected with
scrambled shRNA were injected to the right flank of the same mice. The volumes of the tumors
grown at the two injection sites were compared. Decreased tumor volumes were observed for the
tumors transfected with hnRNP A18 shRNA when compared to tumors transfected with scrambled
shRNA 5. Of particular note is that prior to cellular stress, hnRNP A18 is predominantly located
in the nucleus and immunohistochemical staining indicates that normal, healthy tissue surrounding
tumors typically have low levels of underlying hnRNP A18 expression5. Taken together, the
shRNA knockdown data of hnRNP A18 and the differential cellular expression indicate hnRNP
A18 as a viable therapeutic target in solid tumors for breast, colon, prostate, and melanoma
cancers2-6 . hnRNP A18 presents a unique therapeutic advantage in that it can target translation of
both HIF-1α, the master regulator to the hypoxic cellular response, and the immune checkpoint
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CTLA-46. An hnRNP A18 small molecule inhibitor could potentially increase sensitivity to
chemoradiation therapy and increase immune activation toward cancerous tissues.
7. Intrinsically Disordered Domains: Dynamic Systems on the Verge of Chaos
IDPs or proteins with IDDs execute a wide variety of functions, including the transmission of
information in signaling cascades. For example, upon the changes in the cellular environment,
such as low oxygen tension in the center of solid tumors, hnRNP A18 is phosphorylated by CK-2
and GSK-3β2. This signal ensures that the expression of pro-survival mRNAs, for example HIF1α or TRX, are upregulated and can execute large changes in cellular metabolism, angiogenesis,
glucose uptake, and protection against oxidative stress1,2,5.
To explain how small changes, such as PTMs of hnRNP A18 or another RBP, can induce large,
dynamic changes in multiple cellular functions, IDPs and IDDs are modeled as complex
systems102. In complex systems, different parts of the system interact with each other non-linearly
such that the overall interactions between individual parts of the system are not equal to the sum
of the many individual interactions103. The sum of the interactions within the system is not additive,
but rather synergistic, or highly cooperative where the combined effect is greater than the effect of
each individual part104. The phosphorylation of hnRNP A18 by CK-2 and GSK-3β induces not
only local chemical changes in hnRNP A18, but also signals for hnRNP A18 to translocate from
the nucleus to the cytosol where it has a profound impact on cellular functions through the
stabilization of pro-survival mRNAs. A ‘small’ systemic change such as a PTM of hnRNP A18
has a large impact on the cascade of events required for development of a cellular stress
responses5,6.
IDPs and IDDs can be modeled as systems on the edge of chaos, a transition region between
complete order and complete randomness102. While IDPs and IDDs do not contain traditional
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protein secondary structure, an example of complete order, they are typically not found as random
coil either103. Instead, IDP and IDD structures are comprised of an ensemble of conformations
made up of globules, coils, hairpins, or semi-flexible rods105. The system on the edge of chaos, in
this instance the ensembles of IDP structure, is characterized by the ever-revolving interchange
between order and chaos. IDP protein structure is not fixed and can change upon interaction with
protein or nucleic acid interaction partners or through post-translational modifications7,9,106.
Systems on the edge of chaos use this interchange between order and chaos to become complex
and produce dynamic, synergistic changes within a system, such as the cell. This enables minimal
changes, such as PTMs or binding partner interactions, to initiate cascades of molecular events
that deploy extensive changes within the cell to respond to situations such as cellular stress107.
For example, recent data has demonstrated that non-classical nuclear localization signals
mediate the nuclear import of hnRNP A1887. Nuclear importins Transportin-1 (TNPO1) and
Transportin-3 (TNPO3) recognize the RG/RGG repeats of the RGG motif and the RSY domain in
the hnRNP A18 IDD, respectively. TNPO1 and TNPO3 recognize their respective sequences in
the IDD of hnRNP A18 and import hnRNP A18 into the nucleus87, aiding the in nuclear
accumulation seen in most cells1,2. However, PRTM-1 mediated arginine methylation in the IDD
of hnRNP A18 weakens TNPO1 and TNPO3 binding and subsequently reduces nuclear import of
hnRNP A1887. Within Xenopus laevis oocytes, methylation of the Xenopus homolog of hnRNP
A18, xCIRBP2, by the Xenopus homolog of protein arginine N-methyltransferase 1 (xPRMT1) is
associated with cytosolic accumulation of xCIRBP2108. Within both human cell lines and Xenopus
laevis oocytes, methylation of hnRNP A18 appears to promote cytosolic accumulation of hnRNP
A18. Also, the phosphorylation of hnRNP A18, under conditions of cellular stress, by CK-2 and
GSK-3β, also induces changes in cellular localization. However, phosphorylation alone does not
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explain the translocation of hnRNP A18 from the nucleus to the cytosol3. The methylation status
of cytosolic hnRNP A18 could potentially account for the increase of cytosolic hnRNP A18 in the
presence of GSK-3β inhibition. Both types of PTMs, phosphorylation and methylation, lead to
cytosolic accumulation of hnRNP A18, which enables hnRNP A18 to stabilize pro-survival mRNA
transcripts and promotes survival during cytotoxic cellular stress. Ultimately, the changes in the
extracellular environment lead to intracellular changes, such as hnRNP A18 PTMs that can dictate
large, dynamic changes in the cellular metabolism, energetics, and gene expression.
Another example of the dynamic impact of hnRNP A18 PTMs on the cellular system is the
ability of hnRNP A18 to recruit protein translation initiation machinery in times of cellular stress.
After phosphorylation by CK-2 and GSK-3 and translocation to the cytosol, hnRNP A18 interacts
with eIF4G3,5. eIF4G acts a scaffold during cap-dependent translation to recruit translational
related machinery and eventually the ribosome85,94. Because eIF4G interacts with other proteins
through their RGG motifs85, eIF4G may interact with hnRNP A18 through its RGG motif.
However, since this interaction occurs in the cytosol and hnRNP A18 is methylated by PRMT-1
to stop hnRNP A18 import back into the nucleus, methylation of hnRNP A18 may impact eIF4G
interaction. This could be another dynamic situation in which small modifications, like arginine
methylation by PRMT-1, may regulate PPIs and ultimately protein function. However, further
investigations are required to probe this hypothesis.
8. Sequence Specificity of the hnRNP A18 IDD
One important dynamic function of RBPs, such as hnRNP A18, is the ability to undergo phase
separation. Phase separation refers to the ability of a super saturated, well-mixed, homogenous
solution comprised of various components to spontaneously transition into a non-homogenous
solution in which a dense phase and a dilute phase of the components co-exist8. Distinct regions
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of the space are subsequently occupied by specific concentrations and groups of components.
Through this mechanism, membraneless organelle formation can occur to drive the organization
of specific components for cellular processes, such as the formation of stress granules or Pbodies8,13. In stress granule formation, RBPs phase separate with mRNA. Often, stress granules
include components of translational machinery13. Stress granules are increasingly linked to
neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS) 109 and fronto-temporal
dementia, but are also implicated in cancer tumor metastasis and resistance to chemotherapeutic
agents74. Thus, phase-separation of RBPs and RNA are implicated in a wide variety of
physiological and pathophysiological processes.
Studies of membraneless organelles have identified that proteins or cellular components that
contain linear motifs, such as IDDs, and/or opportunities to form multivalent points of interaction
can drive phase separation13,110. These multiple points of interaction can be intra or intermolecular
and can occur through the formation electrostatic interactions such as salt bridges, cation-π, π-π
stacking, and dipole-dipole9. RBPs are just one of many cellular components that contain linear
motifs with the capacity to drive phase separation. Many RBPs are modular and contain a few
domains or repeats of domains38, which typically include RNA recognition motifs (RRMs) and
IDDs. The domain repeats enable RBPs to facilitate multiple interactions and functions, such as
protein-nucleic acid interactions (PNAIs) with target mRNAs, protein-protein interactions (PPIs)
that can recruit protein translation machinery, and even the splicing of mRNAs to generate multiple
isoforms of the same protein38,93. In hnRNP A18, the RRM and IDD of hnRNP A18 allow for it to
interact and stabilize target pro-survival mRNAs, but also to act as a scaffold for the recruitment
translational machinery, such as eIF4G, which are both important functions for the upregulation
of pro-survival mRNAs in cellular stress2,5.
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The residue composition of IDDs dictates the function of the domain. The amino acid
composition, overall charge, charge distribution, and spacing of disorder-promoting residues
within the IDD can impact the spatial organization of IDDs through non-typical secondary
structure. The amino acid composition of the sequence can also dictate the types of non-covalent
interactions performed by the IDD. Based on the fraction of charged residues versus polar residues,
IDPs and IDDs fall into three distinct classes: polar tracts, polyampholytes, and polyelectrolytes 111.
Polar tracts do not contain charged, hydrophobic or proline residues. Polyampholytes and
polyelectrolytes both contain charged residues, but polyampholytes have approximately equivalent
fractions of oppositely charged residues. Polyelectrolytes have an excess of one type of charge
(either positive or negative). The IDD of hnRNP A18 belongs to the class of weak polyampholytes
due to the enrichment of the hnRNP A18 IDD in polar amino acids such as Asn, Gly, Gln, and Ser
but also charged amino acids such as Glu, Asp, and Arg.105. The structural conformation of IDDs
and IDPs is dictated by the dynamic between solvent mediated intra-chain attractions and
repulsions. When intra-chain interactions dominate, such as dipole-dipole interactions between
polar residues or cation-π interactions between arginine and aromatic residues, the conformations
of the IDD or IDP on average are more compact, spherical, and globular in nature. When intrachain repulsions dominate over intra-chain interactions, the chain conformations are on average
more expanded and coil-like, but can change upon protein or nucleic acid interactions111. Based
on the sequence of hnRNP A18, the hnRNP A18 IDD belongs to a conformational class that is
predicted to be a chimera of globules and coils, which would enable for dynamic structural changes
to occur within the IDD upon interaction with protein or nucleic acid partners or modifications
such as PTMs.
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Within the IDD of hnRNP A18, there is a RGG motif and an RSY domain (Figure 1.1) These
sequences are recognized by both the nuclear import proteins TNPO1 and TNPO3, but TNPO 1
recognizes the RG/RGG repeats and TNPO3 recognizes the RSY rich region87. Thus, hnRNP A18
contains multiple sequences within the IDD that protein interaction partners can recognize and that
are distally spaced within the IDD, potentially enabling hnRNP A18 to act as a scaffold. This is
congruent with the observation that within phase-separation there are networks of proteins and
nucleic acids acting as scaffolds to bring together ‘clients’ or interaction partners that do not act as
scaffolds themselves but provide vital functions to phase-separated membraneless organelles13.
Subsequently, both the RRM and IDD of hnRNP A18 are required for tightest interaction of
hnRNP A18 with target mRNAs2, which may occur through the RGG motif in the IDD. However,
RGG motifs provide a wide variety of functions, including facilitating protein-protein or proteinnucleic acid interactions
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and further evidence is required to determine the exact structure and

function of the RGG motif in hnRNP A18’s promotion of protein translation under cellular stress.
Due to the sheer size, complexity, and spectral overlap contours for residues within larger
members of the RBP family, techniques such as NMR are not suitable for analysis of some of the
larger and multi-modular RBPs. However, the size, 18.6 kDa, and simplicity of hnRNP A18, a
single RRM and single IDD, enable for dynamic investigations of whole protein function. The 1H15N

heteronuclear single quantum coherence (HSQC) spectrum of hnRNP A18 provides adequate

contour dispersion to investigate changes in contours and protein dynamics in the presence of
interaction partners or upon post-translational modification. Information provided by the
investigation of hnRNP A18 can aid in understanding the mechanism and dynamics by which
RBPs recognize target mRNAs, participate in phase-separation, and promote protein translation

21

initiation during cellular stress in normal physiological conditions, but also disease states such as
carcinogenesis and neurodegenerative disorders.
9. Design of Small Molecule Inhibitors for hnRNP A18
With the identification of hnRNP A18 as a viable target in tumor cells, small molecules were
designed to inhibit the interaction of hnRNP A18 with target mRNAs6. The X-ray crystal structure
of the hnRNP A18 RRM was analyzed by Site-Identified Ligand Competitive Saturation (SILCS)
to determine a pharmacophore model that could be screened against a compound library. A
pharmacophore model is a combination of steric, electronic, and chemical features that ensure
optimal interaction of a molecule with its intended interaction partner. In SILCs, molecular
dynamics simulations were performed to identify fragment maps where certain chemical fragments
would be most likely to interact with the hnRNP A18 RRM in an aqueous environment based on
chemical properties. The chemical fragments were functional groups typically found within druglike compounds and contained diverse modes of interaction with screening targets. A
pharmacophore, which contained parts of the fragment maps identified in the SILCS screen, for
the hnRNP A18 RRM, was identified to have three aromatic features and one anionic feature based
on the mode of RNA binding identified6,112-115. The hnRNP A18 pharmacophore was subsequently
screened against a chemical library that contained hundreds of thousands of compounds with
various biophysical and chemical properties112,114,115. Within this screen, the structure of the first
hnRNP A1 RRM was also used to predict selectivity for the hnRNP A18 RRM since it was the
RRM with highest sequence identity, 41%, to the hnRNP A18 RRM. Out of the 721,368
compounds screened at the University of Maryland Computer Aided Drug Design (CADD) Center,
154 compounds were identified for further investigation and 40 compounds were selected for
further testing based on chemical structure, diversity, bioavailability, and commercial availability6.
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The 40 compounds were screened via nuclear magnetic resonance (NMR) against the RRM of
hnRNP A18 by analysis of contour perturbations (CSPs) in 1H-15N heteronuclear single quantum
coherence (HSQC) spectra. CSPs in the spectra indicated a change in the chemical environments
of amide protons and amide nitrogen atoms within the hnRNP A18 backbone. Chembridge
7858888, a compound identified in the initial search, produced many strong CSPs in a large
quantity of residues, even in low μM concentration6. This suggested potentially multiple modes of
interaction between the hnRNP A18 RRM and Chembridge 7858888 (i.e., Chembridge 7858888
binding to multiple sites on the hnRNP A18 RRM) or that this interaction produced large and longrange structural changes in the hnRNP A18 RRM upon binding. However, further studies would
be required to determine the exact cause of the CSPs. When 7858888 was investigated via the
electrophoretic mobility shift assay (EMSA), it was found to lack hnRNP A18 specificity. At
higher micromolar concentrations, 7858888 disrupted the interaction of other hnRNPs, A1 and F,
with RNA. A similarity search for compounds similar to Chembridge 7858888 based on chemical
and biophysical properties identified 240 compounds of interest for future investigation with the
goal of identifying hnRNP A18 specific compounds. 81 of the compounds were selected for
analysis of cell-permeability via the parallel artificial membrane permeability assay (PAMPA) 116
based on log P, an octanol-water partitioning co-efficient used to gauge a compound’s
pharmacokinetic properties for oral administration, and 4D-BA, a bioavailability score6,117.
20 compounds with high cell permeability were identified via PAMPA. The hnRNP A18
specificity of the compounds was investigated via the electrophoretic mobility shift assay (EMSA).
Compounds that could disrupt the hnRNP A18 and mRNA interaction resulted in the
disappearance of a band in the EMSA associated with the protein-RNA complex formation. In the
EMSA, Chembridge 6823240, Chembridge 7646184, and VITAS STK508411 were all identified
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to outcompete the mRNA hnRNP A18 RNA consensus motif for hnRNP A18 RRM binding, and
to have specificity for the hnRNP A18 RRM. Specificity was determined by the ability of the
compounds to disrupt the hnRNP A18-mRNA interaction, but not disrupt the interactions of
hnRNP A1 and hnRNP F, two closely related RBPs, with mRNA. hnRNP A1 is the hnRNP family
member with the highest sequence homology to hnRNP A18. Increased hnRNP A1 expression and
mutations are associated with the development of cancer and neurodegenerative disease 26,58,93,118.
To elucidate the hnRNP A18 specific impacts on translation initiation and role in carcinogenesis,
it was important to eliminate off target effects from the inhibition of other RBPs.
The IC50 values for each compound were confirmed by fluorescence anisotropy. A summary
of the investigated compounds and their respective interactions with hnRNP A18 is in Table 1.2.
Structures of all compounds may be found in Figure A2 of Appendix A.
Table 1.2 Summary of hnRNP A18 Small Molecule Inhibitor Properties
Fluorescence
Band Shift
NMR Spectral
Compound
Anisotrophy
Results
Changes
IC50
Outcompetes
hnRNP A18 RNA
Many strong, nonChembridge consensus motif,
6.4 ± 1.2 μM specific NMR contour
7858888
but specificity
perturbations (CPs)
decreases at higher
concentrations
Chembridge
6823240

Chembridge
7646184

VITAS
STK508411

Outcompetes
hnRNP A18 RNA
consensus motif
for binding. No
interaction with
hnRNP A1 or
hnRNP F

13 ± 2 μM

Few strong and
moderate CSPs

15 ± 4 μM

Few strong and
moderate CSPs.
Similar CSPs as
VITAS STK508411

2.9 ± 0.6 μM

Few strong and
moderate CSPs. CSPs
similar to Chembridge
7646184
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Specificity in
Cell Lines

Decreased cell
viability in
human
melanoma
(LOX-IM-IV)
and breast cancer
(MDA-MB-231)
cells expressing
hnRNP A18
compared to
cells depleted of
hnRNP A18

The development of small molecule inhibitors for hnRNP A18 is a step toward the
advancement of clinical chemotherapies that indirectly target HIF-1α to increase tumor sensitivity
to chemoradiation therapy and increase the immune response toward cancerous tissues by
decreased CTLA-4 expression. However, the development of specific small molecule inhibitors
for hnRNP A18 will also enable determination of RBP structure and function. RBPs are known
for their ability to liquid-liquid phase-separate and for their functions to be modulated by posttranslational modifications119-122. Small molecule probes that interact at specific surfaces within
RBPs can aid in the elucidating mechanisms that enable the translation of information through
protein-protein and protein-nucleic acid interactions, as well as the impact of post-translational
modifications on such interactions.
10. The Impact of CK-2 and Phosphorylation on hnRNP A18 Structure and Function
Upon cellular stress, hnRNP A18 is phosphorylated by CK-2 and GSK-3β and subsequently
translocates from the nucleus to the cytosol1-4. While the cellular signaling impact of PTMs by
CK-2 and GSK-3β on hnRNP A18 cellular function have been studied extensively2-4, the structural
impact of these PTMs has not been fully investigated. Recent investigations have demonstrated
changes in the chemical environments of residues in the IDD both in the RGG motif and the RSY
domain upon hnRNP A18 phosphorylation by CK-2. Contours that belong to residues in the Nterminal portion of the RGG motif disappeared upon phosphorylation of hnRNP A18, even though
they are tens of residues away from the predicted CK-2 phosphorylation sites (S159 and T168).
The introduction of phosphates within the IDD of hnRNP A18 increases the fraction of
negatively charged residues. PTMs that introduce positive or negatively charged residues can
increase or decrease the distribution of charge throughout an IDD. κ, a parameter that quantifies
the distribution of charge within an IDD, ranges from 0 to 1. IDDs with charges unevenly
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distributed are closer to 1 and IDDs with charges evenly distributed have a value closer to 0. PTMs,
such as phosphorylation of hnRNP A18, can modify κ105,123,124. Phosphorylation of hnRNP A18
increases κ, indicating that charges are less evenly distributed throughout the IDD. As charges are
less evenly distributed, formation of intramolecular interactions through dipole-dipole, salt-bridge
formation, cation- π, and hydrogen bond formation can change the organization of IDDs7,9,10,125,126.
The addition of phosphate groups to the hnRNP A18 IDD may induce structural changes important
for modulating the function, besides acting as signal of nuclear to cytoplasmic translocation.
Investigation of the structural impact of such changes in hnRNP A18 may lead to the design of
more specific small molecule inhibitors for hnRNP A18 that enable investigation of RBP biology.
RBPs are involved in a wide variety of cellular processes and human pathological states such as
neurodegenerative disorders and carcinogenesis26,83,109,127.

A deeper understanding of RBP

structure and biology could give insight into the pathological mechanisms, as well as provide
viable therapeutic targets.
11. Conclusions
RBPs play an integral role in translation. They interact with target mRNAs through a variety
of mechanisms, such as recognition of consensus sequences in the 3' or 5' UTR or interaction with
IRES sites within the 5' UTR34,128,129. While RBPs can interact with a wide variety of mRNAs,
mRNAs can also interact with a diverse group of RBPs21,32. This enables the fine-tuning of protein
and mRNA expression after transcription. The coordination of protein and mRNA expression is
important to ensure proper coordination of cellular functions28. For example, hnRNP A18
promotes increased translation of pro-survival mRNAs required for cellular stress responses such
as cold, UV, and hypoxia4,5. RBPs contain a modular design in which there are often repeats of
RNA-binding domains linked together with disordered sequences38. These disordered sequences
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can be short or long with longer sequences often conducting vital functions such as facilitating
protein-protein or protein-nucleic acid interactions, despite lacking traditional secondary protein
structure130. In hnRNP A18, both the structured RRM and IDD are required for strongest mRNA
interaction3. Post-translational modifications of the hnRNP A18 IDD are also important for nuclear
to cytosolic translocation and regulation of nuclear import2,87.
Besides the coordination of normal cellular responses, RBPs have been demonstrated to play
an increased role in the pathologies of carcinogenesis and neurodegenerative disorders 26,59. hnRNP
A18 is differentially upregulated in melanoma, breast cancer, colon, and prostate cancer solid
tumors compared to surrounding health tissue. shRNA knockdown of hnRNP A18 resulted in
decreased tumor volumes when the cells were injected into and grown in the flanks of
immunocompromised mice5. Together these data promote hnRNP A18 as a viable clinical
therapeutic target. Toward the development of clinically utilized hnRNP A18 small molecule
inhibitors, lead compounds have been identified and investigated for hnRNP A18 binding and
specificity, cell membrane permeability, and in vitro impact on cancer cell line growth. These
small molecules are a first-in class that target both the hypoxic cellular response and immune
checkpoints6. The development of hnRNP A18 specific small molecule inhibitors also enables
further exploration of RBP function normal and pathological cellular functions.
Toward investigations into RBP function, the impact of CK-2 phosphorylation on hnRNP A18
has been investigated. The biological impact of post-translational modifications of hnRNP A18
cellular localization and nuclear import has been studied extensively 1-4,87. However, detailed data
about the changes in hnRNP A18 structure upon post-translational modification has not been fully
elucidated. NMR investigation of hnRNP A18 phosphorylation by CK-2 gives insight into the
dynamic changes that can occur in the IDD of RBPs upon PTM. These structural insights will give
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insight into the mechanisms by which RBPs recognize target mRNAs and participate in cellular
processes such as translation initiation and LLPS.
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Chapter II. Crystal Structure of the Human Heterogeneous Ribonucleoprotein A18 (hnRNP
A18) RNA Recognition Motif (RRM)
1. Overview
This chapter introduces hnRNP A18, an RNA binding protein, upregulated in a malignant
melanoma, as well as other solid tumors5, and introduces the challenges associated with the design
of a selective small molecule inhibitor for RBPs. hnRNP A18 is selectively upregulated in hypoxic
regions of solid tumors and interacts with mRNA transcripts from pro-survival genes to promote
tumor growth. Knockdown on hnRNP A18 with siRNA decreased LOX-IM tumor xenografts in
mice and thus presents hnRNP A18 as an attractive therapeutic target5. Toward the development
of small molecule inhibitors of hnRNP A18, the X-ray crystal structure of the hnRNP RRM was
solved. Comparison of this structure to RRMs from homologous proteins enabled identification of
multiple residues on the face of the anti-parallel β-sheet involved in protein-nucleic acid
interactions. This structure served as the foundation for computational identification of small
molecule inhibitors of hnRNP A18 through a site identified ligand competitive saturation (SILCS)
screen and development of lead compounds through biophysical and in vitro investigation6. This
work is published in Acta Cryst Section F 84.
2. Introduction
Heterogeneous ribonucleoprotein A18 (hnRNP A18) is an RNA-binding protein that is
expressed in a variety of cell and tissue types, and its contribution to translation initiation is
induced by cellular stresses such as UV radiation, hypoxia, and cold shock82,131. hnRNP A18 is
thus also known as cold-inducible RNA-binding protein. hnRNP A18 is located predominantly in
the nucleus under normal conditions, but under cellular stress hnRNP A18 is phosphorylated by
kinases such as GSK-3β and/or CK-21,3and translocated from the nucleus to the cytoplasm3. In the

29

cytoplasm, hnRNP A18 binds mRNA, promoting the translation of several pro-survival gene
products such as thioredoxin2, DNA damage-repair protein RPA1 and telomerase132. The binding
of hnRNP A18 to mRNA is mediated in part through a defined RNA- recognition motif (RRM),
which is a domain of approximately 90 amino-acid residues that binds to single-stranded
RNA133,134 including an mRNA consensus motif that is found specifically in hnRNP A18 target
genes3. It is the details of the hnRNP A18–mRNA complex that are of particular interest, as such
information will contribute to a more complete mechanistic understanding of how hnRNP A18
regulates translation initiation for specific target genes in both normal and trans- formed cells.
Artero-Castro and coworkers recently showed hnRNP A18 to be upregulated in the cytosol of
human melanoma, breast, colon and prostate cancer cells 135, and immunohistochemistry data
demonstrated that hnRNP A18 is overexpressed in solid tumors compared with normal tissue from
the same patients5. This is congruent with most solid tumors developing hypoxic microenvironments at their center, having outgrown the nearby vasculature136. Upregulation of hnRNP
A18 is advantageous for cancerous cells owing to the stabilization of proliferation-associated
mRNA harboring the hnRNP A18 signature motif in their 3'-UTRs. Importantly, when hnRNP
A18 protein levels are reduced via siRNA approaches, tumor growth is decreased significantly in
mouse models5. As such, hnRNP A18 represents a novel therapeutic target for selectively blocking
translation initiation for several growth-promoting transcripts in cancer.
Targeting translation initiation via blocking hnRNP A18 provides a therapeutic advantage for
treating cancer. In particular, normal cells express hnRNP A18 at very low levels and primarily in
the nucleus, so its activation via stress- activated kinases under normal conditions is minimal5,
whereas in cancer cells hypoxia and other stress responses lead to hnRNP A18 overproduction and
a cascade of pro-survival activities from its targeted gene products. Thus, the development of
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small-molecule inhibitors for hnRNP A18 will abrogate this pro-survival cascade that occurs in
many human cancers. Thus, it is critically important that specific structure–function relationships
are delineated for hnRNP A18 and that structure-based drug-design approaches take advantage of
these data for drug design using a combination of X-ray crystallography and nuclear magnetic
resonance (NMR) spectroscopy data (PDB entry 1x5s; RIKEN Structural Genomics/Proteomics
Initiative, unpublished work). Owing to the conserved nature of the RRM domain, rational design
of small-molecule inhibitors will have to take advantage of the unique hnRNP A18 RRM–RNA
interactions to create inhibitors specific for targeting hnRNP A18 (i.e., versus other RNA-binding
proteins). Toward these goals, the crystal structure of the hnRNP A18 RRM reported here provides
pertinent atomic-level details regarding backbone and side- chain positioning for residues
throughout the RRM domain and represents a major step towards answering mechanistic questions
regarding hnRNP A18-dependent activation of translation initiation. Furthermore, comparisons of
the hnRNP A18 RRM structure with an analogous domain of the human heterogeneous
ribonucleoprotein A1 (hnRNP A1) provide pertinent information regarding the mechanism by
which hnRNP A18 interacts with mRNA via three residues (Arg48, Phe50 and Phe52) on one face
of a β-sheet and one residue (Arg41) in an unstructured loop identified in this structure.
3. Methods
3.1 Materials
Chromatography columns and resins were obtained from GE Healthcare Life Sciences. All
other chemical reagents used were ACS grade or higher and were purchased from Sigma–Aldrich
unless stated otherwise.
3.2 Expression and purification of human heterogeneous ribonucleoprotein A18 RNArecognition motif (RRM)

31

Wild-type human hnRNP A18 (residues 1–172) contains an RRM (residues 1–92) and an
intrinsically disordered domain (IDD; residues 93–172) that contains the GSK-3β and CK2 protein
kinase substrate sites of hnRNP A18 (residues 138– 172). For the structural studies reported here,
a 93-amino-acid (~10.1 kDa) truncated version of human hnRNP A18 was produced that
encompasses a single non-native glycine (Gly1; G1) followed by the first 92 residues of hnRNP
A18. This construct represents the structured RRM and is hereafter termed hnRNP A18 RRM. The
hnRNP A18 RRM construct was cloned into the Escherichia coli expression plasmid pHGK-IF
(unpublished) in-frame and downstream of a Tobacco etch virus (TEV) protease-cleavable Nterminally 6xHis-tagged GB1 (protein G, B1 domain) fusion protein. pHGK-A18 RRM was
transformed into E. coli BL21(DE3) cells and a single colony was selected for expression. The
cells were grown in 1 l M9 minimal medium137 with 15N-labeled (>99%) ammonium chloride as
the sole nitrogen source at 37˚ C until the A600 reached 0.8. The incubation temperature was
reduced to 18˚ C, His6GB1-A18 RRM expression was induced by the addition of 0.3 mM IPTG
(isopropyl β-D-1-thiogalactopyranoside) and the cells were grown for an additional 16 h. The cells
were pelleted by centrifugation at 10,000g for 20 min and were resuspended in denaturing buffer
(buffer A; 20 mM Tris pH 7.4, 500 mM NaCl, 5 mM imidazole, 6 M urea). The cells were lysed
by sonication and centrifuged at 18, 000g for 30 min in 4ºC to pellet the cell debris. The cleared
lysate was applied onto a 5 ml HisTrap FF column (GE Healthcare, catalog No. 17-5255-01),
which was equilibrated with buffer A and refolded in buffer B (20 mM Tris pH 7.4, 500 mM NaCl,
5 mM imidazole) applied as a linear gradient over 20 column volumes. His6GB1-A18 RRM was
eluted from the column with a linear gradient of buffer C (20 mM Tris pH 7.4, 500 mM NaCl, 500
mM imidazole) over 10 column volumes. The eluted fractions were analyzed by SDS–PAGE and
fractions containing GB1-A18 RRM were simultaneously treated with His-tagged TEV protease
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to liberate A18 RRM from the His6GB1 fusion partner and buffer-exchanged into buffer B via
overnight dialysis. The sample was applied onto a HisTrap HP column (GE Healthcare, catalog
No. 17-5247-01) in buffer A and the flowthrough containing purified A18 RRM was collected.
The protein was exchanged into ultrapure water, concentrated, and quantified by absorbance at
280nm. Approximately 30 mg of [15N]-A18 RRM was typically purified from 1L of M9 1H 15N
medium and its identity was confirmed using NMR (1H–15N TROSY) and mass-spectrometric
analyses.
3.3 Crystallography
Diffraction-quality crystals of purified human hnRNP A18 RRM were obtained via sittingdrop vapor diffusion in 96-well trays (Hampton Research) with 50 μl mother liquor and a 0.75:0.75
μl drop size. The reservoir solution for crystal formation was 0.2M sodium acetate trihydrate pH
8.0, 20%(w/v) PEG 3350 (PEG/Ion HT crystallization screen condition C3, Hampton Research).
Protein-sample conditions for crystal formation were 12.1 mg ml-1 hnRNP A18 RRM protein in
distilled, deionized water. Crystals were flash- cooled in liquid nitrogen for storage prior to data
collection with no cryoprotectant used.
Diffraction data were collected on the Northeastern Collaborative Access Team (NE-CAT)
24-ID-E beamline at the Advanced Photon Source (APS), Argonne National Laboratory, Argonne,
Illinois, USA. Data were collected at 100 K on an ADSC Quantum 315 3x3 CCD detector with
data-collection strategies generated by the NE-CAT RAPD automated processing pipeline
(https://rapd.nec.aps.anl.gov/rapd), which uses XDS 138,139, POINTLESS140,141 and AIMLESS142
for integration and scaling. The diffraction statistics are summarized in Table 2.1.
The space group was determined to be P212121 and the BALBES server143 was utilized to
identify an appropriate search model and to perform molecular replacement with MOLREP 144,145.
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The UP1 region of hnRNP A1 (PDB entry 1u1q)146 was identified as the most appropriate search
model. Manual building was performed in Coot147. Refinement of the model was performed using
the phenix.refine148 function of the PHENIX software suite149. The structure-refinement statistics
are summarized in Table 2.1. The final figures and alignments were generated using PyMOL
(Schrödinger).
Table 2.1 Data collection and processing a
PDB code

5TBX

Radiation source

APS (Beamline 24 ID-E)

Wavelength (Å)

0.979

Temperature (K)

100

Detector

ADSC QUANTUM 315

Space group

P212121

a, b, c (Å)

41.5, 56.1, 72.4

Mosaicity (o)

0.26

Resolution range (Å)

44.38 - 1.77 (1.83 - 1.77)

Total Reflections

147456 (13753)

No. of unique reflections

17166 (1607)

Completeness (%)

99 (99)

Multiplicity

8.6 (8.3)

<I/σ(I)>

13.70 (0.83)

CC1/2

0.993 (0.486)

Rmeas

0.169 (3.189)

Rp.i.m.

0.075 (1.778)

Overall B factor from Wilson plot (Å2)

22.4

No. of reflections, working set

16927 (1602)

No. of reflections, test set

883 (76)

Final Rcryst

0.2177 (0.3959)

Final Rfree

0.2474 (0.4327)

No. of non-H atoms
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Table 2.1 Data collection and processing continued
Protein
1358
Non-protein atoms

5

Solvent

124

Total

1487

R.m.s. deviations
Bonds (Å)

0.013

Angles (o)

1.13

Average B factors (Å2)

34.62

Protein

33.85

Ligands

48.10

Ramachandran plot b
Most favored (%)

97.7

Allowed (%)

2.3

a Values

for the outer shell are given in parentheses.
statistics are derived from MolProbity150.

b Ramachandran

4. Results & Discussion
In response to cellular stress, hnRNP A18 is phosphorylated and then translocated from the
nucleus to the cytoplasm, where it promotes the translation of pro-survival transcripts harboring
its signature motif in their 3 '-UTRs1,3,5. In hypoxic cancer cells, downregulation of hnRNP A18
has been shown to significantly decrease tumor proliferation and invasion 5. While hnRNP A18
represents an attractive target for the development of pharmacological antagonists, no smallmolecule inhibitors have been identified to date. Here, the crystal structure of the hnRNP A18
RRM is presented (Figure 2.1) and is solved at 1.77 Å resolution. Figure 2.2 illustrates the
structural homology of hnRNP A18 to hnRNP A1, and Figures 2.3 and 2.4 highlight the
similarities and differences in the RNA-binding sites of hnRNP A18 and hnRNP A1 when the two
structures are compared. Specifically, three residues on one face of an antiparallel β-sheet of
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hnRNP A18 (Arg48, Phe50 and Phe52) and one residue in an unstructured loop (Arg41) were
identified as likely to be involved in protein–nucleic acid interactions based on this comparison.
These data provide a foundation for studying RNA complexes of hnRNP A18 that could impact
on the design of novel inhibitors that target hnRNP A18 in cancers where this protein is expressed
at elevated levels.

Figure 2.1 Ribbon diagram of the hnRNP A18 RRM crystal structure front (left) and rear (right)
with helices in blue and the beta sheet in green.

Figure 2.2 An overlay and alignment of the RRM of hnRNP A18 (green) and the first RRM of
hnRNP A1 (grey, PDB ID: 1U1Q). All atoms align at an RMSD of 1.23 Å. The second RRM
domain of hnRNP A1 has been omitted for clarity.
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Figure 2.3 The electron density map for the beta sheet of the hnRNP A18 RRM (left) and
highlighting the conserved RNA-binding residues of hnRNP A18 RRM (right). For clarity, only
strands 1 and 3 are shown in green (left) and the side chains of the RNA-binding residues are
shown in green (right). Electron density maps are displayed at 2.0 σ.

Figure 2.4 The interactions between hnRNP A1 (gray) and RNA (yellow) (left) (PDB ID 1U1Q).
Overlay of hnRNP A1 with hnRNP A18 (green) showing the conserved RNA-binding residues.
(right) Arg55 in hnRNP A1 forms a salt bridge with the phosphate of the sugar backbone of the
nucleotide. Phe17 and Phe59 form π-stacking interactions with the purine bases of the nucleotide.
Phe57 interacts hydrophobically with the sugar ring of both nucleic acids. Arg41 in hnRNP A18
is also poised to form a salt bridge with the phosphate of the sugar backbone. Pro49 instead
occupies this same position in hnRNP A1.
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4.1 Crystal Structure of Human Heterogeneous Ribonucleoprotein A18 RRM
Initial attempts to crystallize full-length hnRNP A18 were unsuccessful; however, after the
IDD was removed hnRNP A18 RRM readily crystallized using sitting-drop vapor diffusion. X-ray
diffraction data were collected and the crystal structure of the hnRNP A18 RRM was solved at
1.77 Å resolution with final Rcryst and Rfree values of 0.2177 and 0.2474, respectively (Table 2.1,
Fig. 2.1). Two hnRNP A18 RRM molecules were present per asymmetric unit, and the space
group, P212121, was confirmed via Zanuda151 in the CCP4 software suite152,153. Consistent with
other single-stranded RNA (ssRNA)-binding proteins, the hnRNP A18 RRM has two α-helices
and four antiparallel β-strands with a β1α1β2β3α2β4 alignment. The RRM of hnRNP A18 folds into
an αβ sandwich, where the strands of the β -sheet run antiparallel in the order β4β1β3β2 and the two
α-helices pack against residues on the side of the β-sheet, which is likely not to interact with
ssRNA. As found in other RNA-binding proteins, several solvent-exposed aromatic residues reside
on the other face of the β -sheet, opposite to the α-helices, and are likely to be involved in the
binding of ssRNA154. In fact, when the hnRNP A18 structure was compared with the crystal
structure of hnRNP A1 (PDB entry 1u1q;)146, the alignment of all atoms had an r.m.s.d. of 1.23 Å
(PyMOL) and the residues that interact with RNA in hnRNP A1 aligned closely with the predicted
RNA-binding residues of hnRNP A18 (Fig. 2.4).
4.2 Detailed Comparison of the RRMs of hnRNP A18 and hnRNP A1
Proteins containing RRMs have two highly conserved regions that are important for
binding single-stranded RNA39, termed ribonucleoprotein domain 1 (RNP1) and ribonucleoprotein
domain 2 (RNP2). In a typical RRM, RNP1 is located on β-strand 3 (β3) and has a consensus
sequence defined as (Lys/Arg)-Gly-(Phe/Tyr)-(Gly/Ala)-(Phe/Tyr)-(Val/Ile/Leu)-X-(Phe/Tyr),
where X is any amino acid39,133,155,156. For hnRNP A18, the RNP1 sequence is Arg48-Gly49-
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Phe50-Gly51-Phe52-Val53-Thr54-Phe55 and, when aligned, differs by only a single amino-acid
residue from that found in hnRNP A1, where the last position is a tyrosine residue (i.e., Tyr62 in
hnRNP A1 versus Phe55 in hnRNP A18). For RNP1 of hnRNP1 A1, the residues involved in
binding nucleic acids are Arg55, Phe57 and Phe59, termed positions 1, 3 and 5 of RNP1,
respectively (Fig. 2.4; PDB entry 1u1q). The residues in these positions in hnRNP A18 are Arg48,
Phe50 and Phe52, respectively, and it is clear that they also align structurally with positions 1, 3
and 5 of RNP1 in hnRNP A1, as was predicted previously146. Thus, like Arg55 in hnRNP A1,
Arg48 of hnRNP A18 is poised to form a salt bridge with the phosphate of the sugar backbone of
the nucleotide; likewise, Phe52 in position 5 of RNP1 in hnRNP A18 could π-stack with a purine
base in the hnRNP A18 target RNA, as found for Phe59 in hnRNP A1146. Phe50, on the other hand,
may form a hydrophobic interaction with the sugar rings of both nucleotides, as is the case for
Phe57 of hnRNP A1146. Arg41 in hnRNP A18 is also positioned to form a salt bridge with the
phosphate of the sugar backbone (Fig. 2.4), whereas this position is occupied by Pro49 in hnRNP
A1 and is therefore a potentially unique RNA interaction for hnRNP A18.
The second RRM consensus sequence (RNP2) is located on β1 and is defined as
(Ile/Val/Leu)-(Phe/Tyr)-(Ile/Val/Leu)-X-Asn-Leu (Dreyfuss et al., 1988). In RNP2 of hnRNP A18
this sequence is Leu9-Phe10-Val11-Gly12-Gly13-Leu14 and differs from the RNP consensus
sequence at the fifth position, where hnRNP A18 has a glycine residue rather than an asparagine
residue as found in other RRMs. Interestingly, hnRNP A1 also has a glycine at position 5 of RNP2,
and thus represents the hnRNP protein that most closely matches the hnRNP A18 sequence. Thus,
based on the hnRNP A1 structure, Phe10 (position 2) of hnRNP A18 is likely to interact directly
with a purine ring via aromatic stacking in a manner similar to hnRNP A1 since this residue is
structurally conserved when the structures of hnRNP A1 and hnRNP A18 are compared (Fig. 2.4).
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It is important to consider that hnRNP A18 binds to specific mRNA sequences3, yet it retains the
global fold of an RRM as found in other RNA-binding proteins in the hnRNP family, including
hnRNP A1. The mRNA- recognition sequence for hnRNP A1 was previously determined to be
UAGGGA157 and a 51-nucleotide motif has been identified that is specific for hnRNP A18, but
displays U/A-rich regions with low similarity to the hnRNP A1 binding sequence3. This indicates
clear RNA-binding specificity between hnRNP A1 and hnRNP A18 despite overall similarities in
the conserved RRM. Fig. 2.2 displays an alignment of the crystal structure of the hnRNP A18
RRM determined here with the crystal structure of RRM1 from human hnRNP A1 (PDB entry
1U1Q) determined previously146. The structures of hnRNP A18 and hnRNP A1 align with an
r.m.s.d. 1.23 Å for all atoms, revealing that the overall global fold of these two domains is highly
conserved, including their RNA-binding motifs, RNP1 and RNP2. Therefore, the differences in
the amino-acid sequence for hnRNP A18 and hnRNP A1158 at sites outside the RRMs may account
for differences in the RNA-binding specificity for these RRM proteins via more subtle interactions
throughout the protein and/or target RNA. Also of particular interest for further study is the Cterminal IDD of hnRNP A18 (residues 93–172), which contains several protein kinase substrate
sites that are important for transport to the cytoplasm (residues 138–172) and RNA-binding
activity2, and that could also provide regions contributing towards RNA-binding specificity.
5. Conclusions
Provided here is the crystal structure of the hnRNP A18 RRM. This structure illustrates a
similar global fold to that of the NMR structure of the hnRNP A18 RRM in solution (PDB entry
1X5S) as well as RRMs from other hnRNPs (i.e., hnRNP A1). Although few insights into the
specificity of the hnRNP A18 RRM–RNA interaction can be derived because of the structural and
sequential similarities to hnRNP A1, particularly with regard to the conserved residues in RNP1
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and RNP2 (Figs. 2.3 and 2.4), this structure can serve as a model for further investigation of fulllength hnRNP A18 and of hnRNP A18–RNA complex(es) involving its consensus RNA-binding
sequence.
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Chapter III. The Phosphorylation of hnRNP A18 by Casein Kinase-2
1. Overview
This chapter discusses the contour assignments of full-length hnRNP as well as the impact of
phosphorylation by casein kinase-2 (CK-2). hnRNP A18 was divided into two constructs, A18N
(N-terminal, RMM) and A18C (C-terminal, IDD) and these assignments were used to guide the
assignment of full length hnRNP A18. Assignment of the full-length protein was necessary to
investigate protein function and structure in the presence and absence of post-translational
modifications, such as phosphorylation by casein kinase 2 (CK-2).
Many RNA binding proteins (RBPs) contain multiple domains and repeats of domains38. Due
to size of hnRNP A18, 18.6 kDa with a single RRM and a single IDD, and lack of repeat domains,
hnRNP A18 is an excellent model for probing structural mechanisms and the dynamics that
regulate the function of RBPs. hnRNP A18 acts to stabilize and promote translation of pro-survival
mRNA transcripts during cellular stress. NMR contour assignments of full-length hnRNP A18
provide the ability to investigate residue specific mechanisms that dictate this function. Posttranslational modification (PTM) of hnRNP A18 is vital for its translocation from the nucleus to
the cytosol during the cellular stress response1-4. PTMs of IDDs, such as that of hnRNP A18,
change the dynamics, structure, and function of such domains 7,9,106,120. Understanding the
biological mechanisms of modulating RBP function is imperative toward elucidating the role
RBPs play in pathologies such as carcinogenesis and neurodegenerative disorders.
2. Introduction
hnRNP A18 is an RNA binding protein (RBP) upregulated in response to cellular stressors
such as cold, UV, and hypoxia1,131. Upon cellular stress, hnRNP A18 is phosphorylated by casein
kinase-2 (CK-2) and glycogen synthase kinase-3β (GSK-3β) in the nucleus, and translocates from
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the nucleus to the cytosol where it stabilizes pro-survival mRNA transcripts, such as hypoxiainducible factor 1-α (HIF-1α), the master-regulator of the hypoxic cellular response, CTLA-4, an
immune checkpoint inhibitor that functions to down-regulate immune responses, and thioredoxin
(TRX), a regulator of the oxidative stress response5,6. Upregulation of hnRNP A18 has been
demonstrated in solid tumors of colon, breast, pancreatic, and melanoma cancers and is associated
with poorer patient prognosis5. Besides stabilization of pro-survival mRNA transcripts, hnRNP
A18 interacts with eukaryotic initiation factor 4G (eIF4G), a translation initiation factor that acts
as a scaffold to recruit further machinery required for protein translation2,5,85,94.
The N-terminus of hnRNP A18 contains a single structured RNA recognition motif (RRM)
and in the C-terminus contains an intrinsically disordered domain (IDD) with a region of RG and
RGG repeats (RGG motif) and an arginine, serine, tyrosine rich region (RSY region). hnRNP A18
is atypical in the sense that most RBPs contain more than a single RRM and each RRM performs
a different function38,39,93,133. Recent investigations have developed small molecular probes that
inhibit hnRNP A18 interaction with target mRNAs via their interaction with the hnRNP A18
RMM6. These small molecules indirectly target HIF-1α and CTLA-4 by decreasing the stability
of their mRNA transcripts and subsequently decreasing translation of such transcripts5,6. Targeting
of HIF-1α, either directly or indirectly, is

associated with decreased therapeutic

resistance75,98,100,159. The combination of molecules that inhibit protein translation and immune
checkpoints is currently being investigated in pre-clinical and clinical trials (NCT02423954, and
NCT02890069, clinicaltrials.gov)160. However, there are currently no small molecules that target
both biological functions and hnRNP A18 inhibition may provide an avenue to pursue such
inhibition.

43

The hnRNP A18 RRM contains a β-sheet comprised of four β-strands and two α-helices that
sit adjacent to the ‘back’ side of the β-sheet. The ‘front’ of the β-sheet contains two conserved
ribonucleoprotein (RNP) interaction motifs, RNP1 and RNP2. Through RNP1 and RNP2, the
RRM interacts with the nitrogenous bases and phosphate backbone through π-π interactions and
salt-bridge formation39. While the N-terminal RRM is involved in conserved protein-nucleic acid
interactions (PNAIs), the C-terminal IDD of hnRNP A18 is involved in a variety of diverse proteinprotein interactions and PNAIs, some of which are regulated by post-translational modifications
(PTMs). Both the RRM and IDD are required for tightest binding of hnRNP A18 with target
mRNAs2. Methylation of the RGG motif, within the IDD, inhibits recognition of hnRNP A18 by
the nuclear importin Transportin-1 (TNPO1), and decreases hnRNP A18 nuclear import87.
Together these data suggest a dynamic role for the IDD in both structure and function.
To investigate the dynamic nature of RBPs, we present assignments for the full-length hnRNP
A18 protein, which includes the RRM and IDD. RBPs often contain multiple types of domains
and multiple modules of such domains26,38. In some cases, multiple modules of a single domain
type can provide separation functions, even though such domains are structurally similar and
contain high sequence homology93. However, since hnRNP A18 only contains a single RRM and
single IDD, the size (18.6 kDa) and module simplicity provide ample opportunity to study structure
and function relationships for the whole protein by dynamic techniques such as nuclear magnetic
resonance (NMR).
While IDDs and intrinsically disordered proteins (IDPs) lack traditional secondary protein
structure, they still retain a semblance of organization. Based on sequence composition, charge
distribution, and spacing of specific residues within the sequence, IDPs and IDDs can retain i.)
compact, globular structures, ii.) larger, semi-flexible rods or coils, or iii.) a chimera of the
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different structures105,111,123,161. These non-traditional structures and spatial organizations can be
greatly impacted by protein-protein or protein-nucleic acid interactions as well as posttranslational modifications, such as methylation or phosphorylation, that change the fraction of
charged residues (FCR) and the distribution of charge within the sequences.
Here we investigated the impact of CK-2 phosphorylation within the IDD of hnRNP A18.
Upon phosphorylation by CK-2, contours that belong to residues within the IDD broaden and
disappear. These shifts agree with the predicted CK-2 and GSK-3β phosphorylation sites. Besides
changes in residues from the RSY domain, contours disappear that belong to residues within the
RGG motif, which suggest that intra-molecular electrostatic interactions could occur upon hnRNP
A18 phosphorylation by CK-2.
3. Methods
3.1 Cloning, Expression, and Purification of His6-hnRNP A18 (Full Length)
hnRNP A18 was cloned into the Escherichia coli (E. coli) expression plasmid pET21a in
frame with a 6x-His tag upstream. The pet21a-His6hnRNPA18 construct was transformed into E.
coli BL21(DE3) cells and a single colony was grown in 5L of M9 minimal medium162 with 15Nlabeled (>99%) ammonium chloride as the single nitrogen source and

13C-labeled

(>99%) D-

glucose as the single carbon source at 37 ºC. When the A600 reached 0.8, the incubation temperature
was reduced to 18 ºC. His6-hnRNP A18 expression was induced by the addition of 1 mM IPTG
(isopropyl-β-D-1-thiogalactopyranoside) and cells were grown for an additional 16 hours.
Cells were pelleted by centrifugation at 10,000 g for 20 minutes and resuspended in lysis
buffer (20 mM Tris pH 7.4, 0.5 M NaCl, 5 mM Imidazole, 6M urea and 1 mM PMSF). The
resuspended cells were sonicated and subsequently centrifuged at 18,000 x g for 45 minutes to
pellet cellular debris and the supernatant was filtered with a 0.45 μm syringe. Protein purification
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was achieved through Ni-affinity chromatography. A hand poured 10 mL Ni Sepharose 6 Fast
Flow (GE Healthcare, catalog number 17-5318-01) column was equilibrated with lysis buffer and
loaded with the filtered cleared lysate. The column was washed with 10 volumes of 20 mM Tris
pH 7.4, 0.5 M NaCl, 2.5M Urea and 30 mM Imidazole to remove non-specific protein interactions.
His6-hnRNP A18 was eluted from the column with 10 volumes of 20 mM Tris pH 7.4, 0.5 M NaCl,
2.5 M urea, and 250 mM Imidazole. Relevant fractions were combined and His 6-hnRNP A18 was
refolded by dialysis against 2 x 4L of 50 mM acetic acid pH 5.2 for 4 hours each at room
temperature. The dialyzed supernatant was filtered through a 0.2 mm syringe and concentrated via
a 10 kDa MWCO centrifugal concentrator (Amicon Ultra-15 10K, catalog number 516-0556).
3.2 Cloning, Expression, and Purification of the hnRNP A18 RRM
The hnRNP A18 RRM was cloned into the Escherichia coli (E. coli) expression plasmid
pHMK-IF (unpublished) in-frame with a 6x-His-tagged B1 domain of streptococcal protein G
(GB1) fusion protein and Tobacco etch virus (TEV) protease-cleavage site upstream. The pHMKhnRNP A18 RRM construct was transformed into E. coli BL21(DE3) cells and a single colony
was grown in 5L of M9 minimal medium with
single nitrogen source and

13C-labeled

15N-labeled

(>99%) ammonium chloride as the

(>99%) D-glucose as the single carbon source at 37 ºC.

When the A600 reached 0.8, the incubation temperature was reduced to 18 ºC. His6-GB1-hnRNP
A18 RRM expression was induced by the addition of 1 mM IPTG, and cells were grown for an
additional 16 hours.
Cells were pelleted by centrifugation at 10,000 g for 20 minutes and resuspended in lysis
buffer (20 mM Tris pH 7.4, 0.5 M NaCl, 5 mM Imidazole, and 1 mM PMSF). The resuspended
cells were sonicated and subsequently centrifuged at 18,000 x g for 45 minutes to pellet cellular
debris and the supernatant was filtered with a 0.45 μm syringe. Protein purification was achieved
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through Ni-affinity chromatography. A hand poured 10 mL Ni Sepharose 6 Fast Flow (GE
Healthcare, catalog number 17-5318-01) column was equilibrated with lysis buffer and loaded
with the filtered cleared lysate. The column was washed with 10 volumes of 20 mM Tris pH 7.4,
0.5 M NaCl, and 30 mM Imidazole and 10 volumes of 20 mM Tris pH 7.4, 0.5 M NaCl, and 80
mM Imidazole to remove non-specific protein interactions. His6-GB1-hnRNP A18 RRM was
eluted from the column with 10 volumes of 20 mM Tris pH 7.4, 0.5 M NaCl, and 250 mM
Imidazole. Relevant fractions with His6-GB1-hnRNP A18 RRM were combined and dialyzed
against 4L of 20 mM Tris pH 7.4, 0.5 M NaCl, 3 mM -mercaptoethanol and TEV protease for
an overnight TEV cleavage reaction at 4 ºC. The TEV-cleaved His6GB1-hnRNP A18 RRM
supernatant was applied to an equilibrated 10 mL Ni Sepharose 6 Fast Flow. Purified hnRNP A18
RRM was collected in the column flow through. The sample was dialyzed against 2 x 4L ultrapure water for 4 hours each, filtered through a 0.2mm syringe, and concentrated with a 3 kDa
MWCO centrifugal concentrator (Amicon Ultra-15 3K, catalog number UFC900324).
Concentration was determined by Bradford assay163.
3.3 Cloning Expression, and Purification of the A18 C-terminus
The C-terminus of hnRNP A18 (hnRNP A18c) was cloned into the Escherichia coli (E.
coli) expression plasmid pHMK-IF (unpublished) in-frame with a 6x-His-tagged maltose binding
protein (MBP) fusion protein and Tobacco etch virus (TEV) protease-cleavage site upstream. The
pHMK-hnRNPA18c construct was transformed into E. coli BLD21(DE3) cells and a single colony
was grown at 37 ºC in 5 L of M9 minimal medium137 with 15N-labeled (>99%) ammonium chloride
as the single nitrogen source and 13C-labeled (>99%) D-glucose as the single carbon source. When
the A600 reached 0.8, the incubation temperature was reduced to 18 ºC. His6MBP-hnRNPA18c
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expression was induced by the addition of 1 mM IPTG and cells were grown for an additional 16
hours.
Cells were pelleted by centrifugation at 10,000 g for 20 minutes and resuspended in lysis
buffer (20 mM Tris pH 7.4, 0.5 M NaCl, 5 mM Imidazole, and 1 mM PMSF). The resuspended
cells were sonicated and subsequently centrifuged at 18,000 x g for 45 minutes to pellet cellular
debris and the supernatant was filtered with a 0.45 μm syringe. Protein purification was achieved
through Ni-affinity chromatography. A hand poured 10 mL Ni Sepharose 6 Fast Flow column (GE
Healthcare, catalog number 17-5318-01) was equilibrated with lysis buffer and loaded with the
filtered lysis supernatant. The column was washed with 10 column volumes of 20 mM Tris pH
7.4, 0.5 M NaCl, and 40 mM Imidazole to remove non-specific protein interactions. His6MBPhnRNP A18c was eluted from the column with 10 column volumes of 20 mM Tris pH 7.4, 0.5 M
NaCl, and 250 mM Imidazole. Relevant fractions with His 6MBP-hnRNPA18c were combined and
dialyzed against 4L of 50 mM acetic acid pH 5.2 for 2 hours at room temperature. His 6MBPhnRNPA18c was dialyzed against a second 4 L of 50 mM acetic acid pH 5.2 with 3 mM

-

mercaptoethanol and TEV protease for an overnight TEV cleavage reaction at room temperature.
The reaction is performed at room temperature due to the nature of His6MBP-hnRNPA18c to
quickly aggregate at temperatures below room temperature. TEV-cleaved His6MBP-hnRNPA18c
supernatant was transferred to a clean Erlenmeyer flask and boiled for 15 minutes. Subsequently,
the supernatant was rapidly chilled for 30 seconds on ice to drop the sample temperature to
approximately room temperature and pelleted by centrifugation at 4,000 x g for 5 minutes at room
temperature to remove precipitated impurities. A18c was filtered through a 0.2 mm syringe filter
and concentrated via a 3 kDa MW centrifugal concentrator (Amicon Ultra-15 3K, catalog number
UFC900324). Concentration was determined by Bradford assay163.
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3. 5 NMR Spectroscopy
Standard Bruker pulse sequences for HNCA, HN(CO)CA, HNCO, HN(CA)CO,
HNCACB, CBCA(CO)NH, HCCH_TOCSY, HC(CO)NH, C(CO)NH,

15NHSQC,

and

13C-15N

CON experiments were performed on either a Bruker Avance III 950 MHz or a Bruker Avance III
600 MHz spectrometer, each equipped with z-gradient TCI cryogenic probes. 3D basis spectra,
4D, and 5D NMR experiments were performed on a Bruker Avance III 600 MHz spectrometer
with a z-gradient TCI cryogenic probe. All experiments were performed in 50 mM acetic acid pH
5.2 at 298 K and 10% D2O was added to the sample prior to collection of the triple resonance
experiments. All proton contours were referenced to external trimethylsilyl propanoic acid at 25
°C (0.00 ppm) with respect to residual H2O (4.698 ppm). For the 4D
HSQC and

13C-15N

13C-13C

HSQC-NOESY-

HSQC-NOESY-HSQC experiments, standard Bruker pulse sequences were

utilized along with non-uniform sampling (NUS) where the compressed sensing algorithm in
TopSpin 3.2 was employed and 2% of full-time data was acquired. The 5D BT(H)NCO(CAN)CONNH utilized a previously published pulse sequence

164.

Both the 3D BT-

HNCO basis spectrum and 5D BT-(H)NCO(CAN)CONNH also utilized the compressed sensing
algorithm in TopSpin 3.2. The experimental acquisition parameters for the 3D basis spectra and
5D experiments are reported in Table 1 and Table 2 below, respectively. All spectra were acquired
using Bruker TopSpin 3.2 software.
All standard 3D contour assignment experiments and 4D spectra were processed using
NMRPipe 165 and analyzed by CCPNmr 166. The 3D BT-HNCO basis spectrum was processed with
the multidimensional Fourier transform (MFT) algorithm implemented in the ToaSTD program
167.

5D data were processed with the Sparse MFT (SMFT) algorithm implemented in the reduced

program

168,169.

Both

ToaSTD

and

reduced
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programs

are

available

at

http://nmr.cent3.uw.edu.pl/software. Sparky 170 was used to analyze the 3D basis spectrum and the
5D data. Talos-N171 was used to determine secondary structure probabilities based on
experimentally derived HN, N, Cα, Cβ and C′ contours.
3.6 CIDER Analysis of hnRNP A18 Sequence
The hnRNP A18 sequence (aa 1-172) was analyzed with the Classification of Intrinsically
Disordered Ensemble Regions (CIDER) v1.7 and local CIDER 0.1.18 program172 to calculate
parameters associated with disordered protein sequences that aid in assessment of conformations
that IDDs may form. CIDER is available at: http://pappulab.wustl.edu/CIDER/.
3.7 CK-2 Phosphorylation Assay
For in vitro phosphorylation of hnRNP A18, recombinant CK2 enzyme purchased from
New England BioLabs (PS6010S) was used. The NMR phosphorylation experiments were
performed at 304.8K in 50 mM acetic acid pH 5.8, 10 mM MgCl2, 1 mM DTT, and ATP in molar
excess with respect to

15N-hnRNP

A18 concentration (typically 5:1). A 1H-15N TROSY HSQC

spectrum was collected immediately after the addition of 10,000U of CK-2 and each hour
subsequently after for a total of 24 hours. Spectra were collected on Bruker Avance III 600 MHz
spectrometer with a z-gradient TCI cryogenic probe. Spectra were processed with NMRpipe165
and analyzed for peak intensity with CCPNmr166.
3.8 CK-2 Kinetics Studies
Recombinant CK-2 enzyme purchased from New England BioLabs (PS6010S) was used.
The NMR phosphorylation experiments were performed at 304.8K in 50 mM acetic acid pH 5.8,
10 mM MgCl2, 1 mM DTT, and 1.5mM ATP, and 0.5 mM 13C-15N-His6-hnRNP A18. A 1H-15N
TROSY HSQC spectrum was collected immediately before and after the addition of 2,500U of
CK-2 and each half hour subsequently after for a total of 72 hours. After the completion of hnRNP
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A18 phosphorylation by CK-2, 3D HNCA, HN(CO)CA, HNCO, HN(CA)CO, HNCACB,
CBCA(CO)NH experiments were collected. Spectra were collected on Bruker Avance III 600
MHz spectrometer with a z-gradient TCI cryogenic probe. Spectra were processed with
NMRpipe165 and analyzed for peak intensity with CCPNmr166.
4. Results & Discussion
IDDs participate in important biological functions such as facilitating protein-nucleic acid
interactions or protein-protein interactions, and protein cellular localization173. IDDs, such as those
within RNA binding proteins, can also become post-translationally modified, which can dictate
biological processes such as liquid-liquid phase separation121 and stress granule formation106. Most
current NMR investigations of RNA binding proteins have focused on investigation of constructs
that contain IDDs without all the domains found within the wildtype protein. However, it is
recognized that most IDDs are never simply random coils but contain a semblance of residual
structure although this structure is not traditional secondary protein structure102. Analysis of IDDs
in RBPs without the structured domains and biologically relevant post-translational modifications
found in wild type protein may miss pertinent structure-function relationships that govern
biological processes.
IDPs and IDDs are hypothesized to be and can be modeled as complex systems. Within
complex systems, the sum of individual interactions can be synergistic. The individual interactions
or changes can lead to changes that are much smaller than the sum of each individual change12,102104,174.

For example, during cellular stress when hnRNP A18 is phosphorylated by CK-2 and GSK-

3β, the sum of all the events (phosphorylation, nuclear to cytoplasmic translocation, interaction
with target mRNAs) is much greater than the individual interactions. Overall, each event
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contributes to changes in protein translation that ultimately drive gene expression and the cellular
response to changes in the extracellular environment.
More specifically, IDPs and IDDs can be modeled as complex systems on the edge of chaos.
The ‘edge of chaos’ indicates a region that lies between complete chaos or randomness and
complete order. For example, IDPs and IDDs never structurally ‘lock into place’, but they also
never reside in complete disorder either. Their spatial organization can take the form structural
conformations that contain globules, coils, hairpins, or a combination of structural elements.
Systems on the edge of chaos can store information, but also transmit it 102. For example, posttranslational modifications and intramolecular interactions can modulate the information
transmitted by an IDD or IDR. Arginine methylation within the RGG and RG regions the IDD of
hnRNP A18 has been demonstrated to regulate nuclear import87 and phosphorylation of hnRNP
A18 by GSK-3β increases binding affinity for target mRNAs3. In the interaction between fragile
X mental retardation protein (FMRP) and CAPRIN-1, various serine/threonine phosphorylation
patterns of FMRP and tyrosine phosphorylation patterns of CAPRIN1 modulate phase-separation
with RNA120. These changes in protein structure and function based on PTMs can communicate
changes in the intra and extra cellular environments and modulate the cellular response
accordingly.
Investigations in the change in hnRNP A18 structure and function based on post-translational
modifications may provide a wider insight into the biological function and regulation of RNA
binding proteins. hnRNP A18 provides a unique opportunity to investigate the dynamics of
structural and functional changes within a protein due to post-translational modifications that are
not currently possible due to size limitations in larger proteins.
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Backbone assignment strategies identified for IDDs have overcome the poor spectral quality
and overlapping contours often observed in 3D spectra for IDDs175-177. Now that the problem of
backbone assignments for IDDs has been resolved, assignments for wild type hnRNP A18 was
possible (Figure 4.1). With assignments for full-length hnRNP A18, in vitro phosphorylation of
hnRNP A18 by CK-2 enabled investigation of the structural and functional impacts posttranslational phosphorylation on hnRNP A18.
CK-2 phosphorylation is required to prime the IDD of hnRNP A18 for phosphorylation by
GSK-3β. Most GSK-3β substrates must be primed by phosphorylation from other kinases, such as
CK-2. Phosphorylation must occur on a residue approximately 4 residues C-terminal to the GSK3β phosphorylation site, S/T-X-X-X-p(S/T)178. The primed phosphorylation site first interacts with
the primed substrate binding domain of GSK-3β, which dictates proper positioning of S/T residues
within the consensus sequence near the GSK-3β kinase domain179. The predicted GSK-3β
phosphorylation sites on hnRNP A18 are S144, S148, S152, S155, and S159. S159 is also a
predicted CK-2 phosphorylation site3. These phosphorylation sites are spaced 3-4 residues apart
and the phosphorylation of more C-terminal predicted sites may act as primers for phosphorylation
of residues more N-terminal.
Phosphorylation of hnRNP A18 by GSK-3β is required for strongest interaction between
hnRNP A18 and target mRNAs3. This interaction could potentially be driven by changes in the
conformations available to the hnRNP A18 IDD after phosphorylation as well as electrostatic
interactions. However, to investigate the structural impacts of GSK-3β phosphorylation on hnRNP
A18, first the impact of CK-2 phosphorylation must be investigated and characterized as an
intermediate step in the formation of the conformations that provide optimal interaction of hnRNP
A18 with target mRNAs.
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4.1 “Divide & Conquer” approach to assigning the resonances of hnA18
The initial 1H-15N HSQC spectrum of His6-hnRNP A18 demonstrated severe overlap of
contours, especially in areas where both structured and unstructured domains of the protein
produced contours (Figure 4.1). Two separate constructs of His6-hnRNP A18 were created, hnRNP
A18 RRM (residues 1-92 and the structured RRM) and hnRNP A18c (residues 91-172, which are
intrinsically disordered). A18c contains the RGG motif, and the RSY domain that contains
phosphorylation sites for casein kinase 2 (CK-2) and glycogen synthase kinase 3β (GSK-3β).
Overlay of 15N-1H HSQC spectra of all three constructs indicated many distinct contours for both
hnRNP A18 RRM and hnRNP A18c that were similar to the contours observed in His 6-hnRNP
A18. However, there were shifts for hnRNP A18 RRM and hnRNP A18c that overlapped with
each other or were absent when compared with the His6-hnRNP A18 spectra. Because both the
RRM and RGG motif are required for highest affinity binding with target mRNA transcripts 1 and
the spectral differences observed in the

15N-1H

HSQC spectra overlay, full backbone and side

chain assignments of His6-hnRNP A18 were required. Key spectral differences suggested pertinent
biological structure and function relationships within hnRNP A18, as well as other RNA binding
proteins, may be missed if the two domains, the ordered RRM and the disordered IDD, were
studied independently.
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Figure 3.1 1H-15N HSQC overlay of His6hnRNP A18His6, hnRNP A18 N, and hnRNP A18C
constructs. His6hnRNP A18 contours are in grey. HnRNP A18N, the hnRNP RRM, contours are
shown in blue and hnRNP A18C, the IDD, contours are in green.
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4.2 Assignment of hnRNP A18 RRM
Assignment of hnRNP A18 RRM was performed via traditional heteronuclear 3D
backbone experiments; HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH, HNCO, and
HN(CA)CO experiments (Figure 4.2). Full side chain assignments were performed with a 4D 13C15N

HSQC-NOESY-HSQC. Contour distribution and lack of redundancy within the traditional

heteronuclear 3D spectra enabled quick assignment. 99% of all 1H, 15N, 13C', and 13Cα/ç, and 99%
of Hα and 97% of Hβ resonances were assigned.
4.3 Assignment of hnRNP A18c
Due to the lack of traditional secondary structure in the IDD of hnRNP A18, there was
limited dispersion among the HSQC and CON acquired resonances in their respective spectra for
residues 91-172 (Figure 4.3). Despite limited resonance dispersion, the 3D NMR experiments
performed allowed for 98% of all 1H,

15N, 13C’,

and 13Cα/β, and 99% of Hα and 96% of Hβ

resonances to be assigned. Many of the challenges regarding contour assignments were within the
glycine, serine, and arginine residues. These residues contained similar resonances and required
HNCO and HN(CA)CO data to discern (Fig. 4.3). Even with HNCO, and HN(CA)CO data, the
data required stringent analysis, especially with glycine, serine, or aromatic residues that contained
similar preceding and proceeding residues (e.g., RG or GG repeats in the RGG motif). Residues
129E-136G (sequence: ESRSGGYG) were especially challenging because the sequence contained
SR, SG, GG, and GY repeats, which are found throughout the IDD of hnRNP A18. While careful
analysis and discernment enabled these residues to be assigned with traditional 3D heteronuclear
assignment experiments (Figure 4.3), the assignments were extremely time intensive due to the
close nature of many of the contours.
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Figure 3.2 Representative contour assignments of the hnRNP A18 RRM. Residues were assigned
with traditional heteronuclear 3D backbone experiments for residue. A. 1H-15NHSQC of hnRNP
A18 RRM with residues labeled. B. Strip plot of the HNCO and HN(CA)CO experiments. The
HNCO experiment is labeled in red and the HN(CA)CO experiment is labeled in black. C. Strip
plot of the HNCA and HN(CO)CA experiments with the HNCA experiment in black and the
HN(CO)CA in red.
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Figure 3.3 Overlap of glycine, serine, and arginine contours in the 1H-15N HSQC and CON spectra
indicate the need for higher dimensional analysis of contours. A. 1H-15N HSQC spectrum of
hnRNP A18 residues 91-172 acquired at 600 MHz, pH 5.2, 298 K, and 10% D2O. Peaks are labeled
with each respective single letter amino acid code. The inset depicts a zoomed in region of the 1H15
N HSQC spectrum. B. 13C-15N CON spectrum of hnRNP A18 residues 91-172 acquired at 600
MHz pH 5.2, 298 K, and 10% D2O. Peaks are labeled with each respective single letter amino acid
code. C. The structural motifs of hnRNP A18 highlighting the intrinsically disordered RGG motif
and C-terminal domain. Phosphorylation sites by GSK-3β are highlighted in blue. Phosphorylation
sites by CK-2 are highlighted in orange. Phosphorylation sites modified by both CK-2 and GSK3β are in purple.
Table 3.1 Experimental parameters used for 3D HNCO experiment (providing the basis spectrum
for 5D BT (H)HNCO(CAN)CONNH).

3D
BEST
TROSY
HNCO

Spectral widths and
maximal evolution
times

No.
of
scans

Interscan
delays (s)

No. of
complex
points
(aq)

No. of
hypercomplex
points

Duration of
the
experiment

7.2
kHz
(1HN)

4

0.7

1,024

1840

3h

1.8
kHz
(13C’)
70.1
ms

1.5
kHz
(15N)
24.7
ms
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Relative
data
points
density
(%)
23.3

High resolution 3D heteronuclear contour assignments were confirmed and scrutinized
with

data

from

the

5D

BT-(H)HNCO(CAN)CONNH

experiment.

5D

BT-

(H)HNCO(CAN)CONNH data were analyzed with the sparse multidimensional Fourier transform
(SMFT) algorithm, which enabled the processing of data within all dimensions and stored only the
portions of the multidimensional spectra with pertinent contour information 167,180. The SMFT
algorithm simplifies data analysis by deconstruction a 5D spectrum into a 3D spectrum in whereby
each detected peak is associated with an additional 2D spectrum which contained the data that
belonged to the two remaining dimensions in the original 5D spectrum. The 3D spectrum, referred
to as the “basis spectrum” is obtained from a simpler, more sensitive 3D heteronuclear experiment
that correlated with 3 out of the 5 resonances. Experimental parameters for the 3D HNCO spectrum
and 5D BT-(H)HNCO(CAN)CONNH are in Table 4.1 and Table 4.2, respectively. The two
remaining resonances are contained in a series of 2D spectra, which are referred to as “crosssections”, and are the only spectra computed from the 5D data sets. Thus, the 3D resonances in
the HNCO spectrum correlate with 3 out of the 5 frequencies of the BT-(H)HNCO(CAN)CONNH
and inspection of the 2D cross-sections provide the last two resonances, which are used to identify
succeeding and preceding resonances corresponding to sequential amino acids in the hnRNP A18
IDP as outlined previously

164,168.

Through this method, calculated 2D spectra enabled the

generation of chains with adjacent CON peaks for all but 4 residues. The same sequence of hnRNP
A18c that was analyzed by traditional 3D assignment experiments was analyzed by the 5D method
(Fig. 4.4) and took much less time for assignment.
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Figure 3.4 The combination of HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH, HNCO and
HN(CA)CO experiments allowed for almost complete backbone assignment of the IDD of hnRNP
A18. Backbone assignments were confirmed with 3D BT-HNCO and 5D BT(H)HNCO(CAN)CONN experiments. A. Strip plot of HNCA and HN(CO)CA experiments
showing residues E129-G133. The HNCA (black) experiment demonstrates both the HN i-NHi-Cαi
and the HNi-NHi-Cαi-1 correlations, but the HNCOCA (red) demonstrates only the HN i-NHi-Cαi-1.
This enabled assignment of both the Cαi and the Cαi-1 shifts. B. Strip plot of the HNCO and
HNCACO experiments showing residues E129-G133. The HNCO (black) experiments
demonstrates both the HNi-NHi-C'i and the HNi-NHi-C'i-1 correlations, but the HN(CA)CO (red)
demonstrates only the HNi-NHi-C'i. This enabled assignment of both the C'i and the C'i-1 shifts. C.
Six 2D cross-sections of the 5D BT-(H)HNCO(CAN)CONNH are displayed. The C'i-Ni-HNi-1
resonances reported on the top of each panel and correspond with the resonances identified in the
HNCO spectrum (the first three dimensions of the data set). In each cross-section, the contour
circled corresponds with a CON cross peak (C'i-Ni+1) from the 4th and 5th dimensions of the data.
Black peaks are positive, red negative. The sequential peak assignment was performed through
connection of the CON peak of a given cross-section to the one of the HNCO basis
spectrum with identical C' and N frequencies. Each color identifies a specific pair of basis spectra
peaks with their matched CON peak.
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Table 3.2 Experimental parameters used for 5D BT-(H)HNCO(CAN)CONNH experiment.

5D BEST
TROSY
(H)HNCO
(CAN)
CONNH

Spectral widths and maximal
evolution times
CrossDimensions shared
sections
with the basis
spectrum
1.5
1.2
1.2
1.5
7.2
kHz kHz
kHz
kHz kHz
(15N) (13C’) (13C’) (15N) (1HN)
71.9 62.1
62.1
71.9
ms
ms
ms
ms

No.
of
scans

Interscan
delays
(s)

No. of
complex
points
(aq)

No. of
hyper
-complex
points

Duration
of the
experiment

4

0.7

1,024

3100

4 days 2 h

Relative
data
points
density
(%)
0.0027

Three of the residues with missing CON peaks in the 5D spectra were Gly residues preceded
by Arg residues (102G, 113G, and 117G). All three of these residues contain peaks that are
extremely close together in the 3D basis spectrum and perhaps resolution in the 5D spectra was
not high enough to contain all of the CON peaks. The last 2D spectra without a CON peak was
124G, which is preceded by a Tyr residue. However, analysis of CON peaks in conjunction with
the high-resolution 3D heteronuclear experiments enabled assignment of all identified CON peaks.
4.4 Assignment of His6-hnRNP A18 (Full Length hnRNP A18)
Sequence-specific resonance assignments (Figure 4.5) were determined unambiguously
with traditional 3D assignment experiments (HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH,
HNCO, and HN(CA)CO). Along with collection of a 4D 13C-15N HSQC-NOESY-HSQC, 94.2%
of all 1H and 15N, 94.8% of 13Cα, 91.3% of 13Cβ, and 91.8% of C' resonances were assigned. Of the
residues that do not appear in the 2D 1H,15N-edited HSQC spectrum, all reside within the RRM
(Ala2, Lys7, Lys28, Lys61, Lys70, Arg78, Lys84, and Gly92). It is possible that the missing
correlations occurred because of conformational averaging that occurs on the contour time scale.
Further experiments are required to determine if the missing correlations are due to conformational
averaging. All residues except Lys7 and Arg78 are not located in either of the α helices or β strands.
However, Lys7 and Arg78 are located at the very end of β strands, which may account for potential
conformational averaging.
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Two residues, Arg94 and Gly95, were each found to have two H N correlations having
different 1H and

15N

shift values with varying intensities (2:1), but the contour values for their

respective pairs of inter- and intra-residue carbon correlations were identical. Both Arg94 and
Gly95 are located in the C-terminal IDD of hnRNP A18 and such peak doubling is most likely
explained through the two residues slowly exchanging between two conformational states.
However, foolproof conclusion of this doubling is beyond the scope of this assignment method
and requires additional experimentation.
Many resonances were similar between the N-terminal RRM (A18N, residues 1-92) and Cterminal IDD (A18c, residues 91-172) constructs, and full-length hnRNP A18. This enabled
straight forward assignment of many resonances due to the similarity resonances. However, many
of the serine residues in both the N-terminal RRM and C-terminal IDD were very similar in 1H,
13Cα, 13Cβ, and 15N

resonances. Often the C' resonance enabled assignment through identification

of the C'i+1 and the C'i-1 residues. Even though new challenges were introduced through assignment
with serine residues, the assignment of glycine residues in the IDD were much more straight
forward through increased dispersion within the C'i+1 and the C'i-1 resonances in the HNCO and
HN(CA)CO spectra. This enabled the assignment of the glycine residues with more ease than in
the C-terminal IDD alone.
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Figure 3.5 1H-15N HSQC spectrum of His6-hnRNP A18 acquired at 600 MHz, pH 5.2, 298 K, and
10% D2O. Peaks are labeled with each respective single letter amino acid code. The inset depicts
a zoomed in region of the 1H-15N HSQC spectrum. An asterisk (*) indicates correlations associated
with the His6 tag.
4.5 CIDER Sequence Analysis of hnRNP A18
The sequence for isoform 1 of hnRNP A18 and the sequence for the IDD of isoform 1 of
hnRNP A18 (uniprot ID: Q14011-1) were analyzed online via the Classification of Intrinsically
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Disordered

Ensemble

Relationships

(CIDER)

and

localCIDER172

(http://pappulab.wustl.edu/CIDER/). IDDs can be classified as either polar tracts, polyampholytes,
or polyelectrolytes based on their amino acid composition. Polar tracts contain sequences rich with
polar amino acids. Polyampholytes contain sequences that contain roughly equivalent fractions of
oppositely charged amino acids, and polyelectrolytes have sequences with an excess of one type
of charge in them111. For the IDD of hnRNP A18, the fraction of positively charged residues (f+)
was 18.2%, the fraction of negatively charged residues (f-) was 8.5%, and the fraction of charged
residues (FCR) was 26.7% (Table 4.3). This composition of residues defines the IDD of hnRNP
A18 as an intermediate polyelectrolytic sequence since the f+ > f-. and 0.25 < FCR <0.35. The net
charge per residue (NCPR) of the hnRNP IDD is 0.0963855. NCPR was originally designed as a
metric for prediction for the propensity of polyelectric IDDs and IDPs to form globules or swollen
coils181. However, NCPR does not factor in charge distribution throughout the sequence of interest
and is less reliable for polyampholytic sequences of which at least >75% of known IDPs are
polyampholytes123,182.
To overcome the inherent weaknesses of NCPR, the parameter κ, which quantifies the
pattern of differentially charged residues123, was also calculated by CIDER for the hnRNP A18
IDD and was determined to be 0.15. κ is calculated as a value from 0 to 1 in which values closer
to 0 indicate more equal distribution of opposing charges within the sequence and values closer to
1 describes an un-equal distribution of opposing charges. hnRNP A18 without post-translational
modifications does not have a large fraction of charged residues and thus κ is not as powerful of a
measure for its sequence analysis. However, as the FCR increases in a protein or sequence, such
as changes in hnRNP A18 via post translational modifications such as phosphorylation or
methylation, κ becomes a much more powerful tool to predict and characterize IDD spatial
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organization. IDP spatial organization can be grouped into categories such as globules, hairpins,
or coil-like patterns versus random coil. As κ becomes larger, computational data suggests longrange electrostatic interactions can occur, even if the NCPR decreases or is neutral. For example,
as hnRNP A18 is phosphorylated, the NCPR decreases from 0.10 to 0.02. Accordingly,
asphericity, δ*, decreases. A δ* ~0 indicates a perfect sphere where as a δ* ~1 indicates a rod-like
shape. Larger κ values are associated with larger δ* values, which is correlated with a less compact
and a more expanded, hairpin-like structure123. The δ* value for hnRNP A18 was calculated to be
0.03548, which suggests that unphosphorylated hnRNP A18 has a more spherical and potentially
globular structure.

Table 3.3 Results from CIDER and local CIDER Analysis of the hnRNP A18 IDD Sequence (aa
90-171).
Patterning
Fraction of
Fraction of
Fraction of
Net Charge
of
Protein
Positively
Negatively
Charged
Per Residue
Oppositely
Sequence
Charged
Charged
Residues
(NCPR)
Charged
Residues
Residues
(FCR)
Residues (𝛋)
hnRNP A18
0.18
0.08
0.27
0.10
0.15
IDD
hnRNP A18
IDD CK-2
Phosphorylation
hnRNP A18
IDD CK-2 &
GSK-3β
Phosphorylation

0.18

0.11

0.29

0.07

0.16

0.18

0.16

0.34

0.02

0.17

Local CIDER enabled designation of post translationally modified phosphorylation sites
within a protein sequence. hnRNP A18 has two predicted CK-2 phosphorylation sites (S159 and
T169) and five predicted GSK-3β sites (S144, S148, S152, S155, and S159). CK-2 and GSK-3β
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both have the ability phosphorylate S159 based on their respective consensus sequences. The
hnRNP A18 IDD (aa 90-172) was analyzed with CK-2, and a combination of CK-2 and GSK-3β
phosphorylation sites, since CK-2 phosphorylation is required for GSK-3β phosphorylation. With
each successive analysis, the NCPR decreased and κ increased, which indicates a less even
distribution of charge. Based on the increase in κ values due to phosphorylation, it is hypothesized
that the IDD of hnRNP A18 would adopt less of a compact, globular structure and could potentially
generate long-range electrostatic interactions that could lead to a more hairpin-like structure.

RRM

RG/RGG Repeats

RSY
Domain

Figure 3.6 CIDER analysis of the unphosphorylated hnRNP A18 IDD. A. Diagram of states with
location of hnRNP
A18 labeled.
B. Net
Charge Per Residue (NCPR) for unphosphorylated hnRNP
RG/RGG
Repeats
RRM
A18. Locations of the RNA recognition motif (RRM), RG/RGG repeats, and the RSY domain
labeled.

The Diagram of States was originally developed to aid in the characterization of IDDs and
Post Translational

IDPs based on the fractions of
positively and negatively charged residues. The fraction of
Modifications
positively and negatively charged residues dictates which region a protein or sequence belongs to.
The regions of the diagram contain IDDs and IDPs with different structural properties that are
locally dictated by the IDD and IDP sequence. Sequences in region 1 are weak polyampholytes
and weak polyelectrolytes with a FCR < 0.25 and NCPR <0.25. They typically form globules and
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tadpoles with their sequences. Sequences within R2 contain intermediate compositional biases and
are defined by 0.25 ≤ FCR ≤ 0.35 and NCPR ≤ 0.35. These sequences neither adopt completely
globular states or expanded conformations such as rods and coils. The local sequence composition
and patterning of the charges within the IDD or IDP determines the conformational states available
to the sequence. Proteins also within R2 can undergo dynamic changes in conformation upon
interaction with interaction partners or upon post-translational modifications. Sequences in region
3 are strong polyampholytes with a FCR > 0.35 and a NCPR ≥ 0.35. They usually adopt
conformations and structures with coils, hairpins, and a mixture of the two structures. Finally,
regions 4 and 5 contain strong polyelectrolytes and have a FCR > 0.35 and a NCPR > 0.35 7,105,111.
The IDD of hnRNP A18 lies in region 2, R2, with and without phosphorylation (Figure
4.6). This suggests that the hnRNP A18 IDD could adopt a wide variety of conformations that
include molten globular-like structures and tadpoles. A more molten-globular like structure is
promoted by intra and intermolecular interactions such that the overall structure is more compact
than random-self avoiding coil7,9,10. Tadpole-like conformations, as observed in Huntingtin Exon
1, are composed of a globular head, and a tail that adopts expanded, self-avoiding coil
conformations183. The phosphorylated IDD of hnRNP A18 is also located in R2 of the Diagram
of States, which suggests that it could adopt conformations of either a more molten-globular state
or tadpole-like.
One inherent weakness of this the localCIDER analysis is that the IDDs used for the
generation of the parameters such as κ and δ* are that they do not consider interactions within the
entire protein. Intra-molecular interactions could occur within the protein that alter the available
conformations for IDDs. Such interactions could change the available conformations in a manner
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that renders κ and δ* calculations irrelevant because of changes to protein dynamics based on intra
and intermolecular interactions.
4.6 In vitro phosphorylation of hnRNP A18 by CK-2
With assignment of full-length hnRNP A18, analysis of in vitro phosphorylation of fulllength hnRNP A18 by CK-2 was pursued. CK-2 phosphorylation is required for phosphorylation
by GSK-3β, which increases hnRNP A18 affinity for target mRNAs as well as regulates hnRNP
A18 nuclear export along with arginine methylation3,87. Phosphorylation by CK-2 induced many
changes in the 1H-15N HSQC of hnRNP A18, including the broadening and disappearance of
contours associated with residues at opposite ends of the IDD (Figure 4.6). Residues within the
hnRNP A18 RRM did not see any perturbations or disappearances. Both predicted CK-2
phosphorylation residues, S159 and T169, disappeared over time. Residues clustered in at the Cterminal end of the IDD (S159, R161, D162, S163, Y164, D165, Y167, A168, H170, N171, and
E172) also disappeared. However, residues sequentially distant from the predicted CK-2
phosphorylation sites in the N-terminus of the IDD also disappeared (Figure 4.7). The
disappearance of the contours within the spectra could potentially occur due to line width
broadening of the contour rending it undetectable. This could occur because of multiple chemical
environments for these residues and that the interconversion between these environments occurs
within the detection period184. However, further experimentation is required to determine the exact
cause of the line broadening.
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Figure 3.7 Phosphorylation of hnRNP A18 by CK-2. A. 1H-15N HSQC spectrum of hnRNP A18
acquired at 600 MHz, pH 5.8, 298 K, and 10% D2O. Black is the control spectra of hnRNP A18
prior to phosphorylation by CK-2. Red is the spectra of hnRNP A18 36 hours after the addition of
CK-2. Labeled peaks indicate residues that disappeared over the course of hnRNP A18
phosphorylation by CK-2.

Of particular interest is that the predicted GSK-3β phosphorylation sites also disappeared.
The canonical, minimal consensus sequence CK-2 phosphorylation sequence is S/T-X-X-D/E,
where X can be any residue and a proline, lysine, or arginine residue at the +1 position is
unfavorable185,186. A phosphoserine (pS) can replace the acidic residue in the +3 position, D/E,
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which enables CK-2 to participate in hierarchical phosphorylation signaling cascades 187,188.
Further investigation suggests that the hierarchical phosphorylation of a sequence by CK-2
requires precise position of pS residues, but that the pS does not have to be in the +3 position 189.
The RSY domain of hnRNP A18 contains many serine residues that once phosphorylated could
act as hierarchical sites for phosphorylation by CK-2 or another kinase, such as GSK-3β. However,
this appears unlikely because of the exponential fit and time constants, τ, were the same for each
curve (Figure 4.8). S159 and T169 were analyzed because of their predicted CK-2
phosphorylation. A168 and Y135 are presented based on their relative sequence locations to both
S159 and T169. If hierarchical phosphorylation of serine residues were to occur, it is hypothesized
that different rates of exponential decay, time constants, and half-lives would be observed for
residues.
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Figure 3.8 Time course of the phosphorylation reaction monitored by substrate consumption based
on the absolute peak height change.
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The peak heights of hnRNP A18 were analyzed pre and post CK-2 phosphorylation.
Residues 1-83 were analyzed together because they contain the RRM (blue, Figure 4.9). Residues
84-91 were analyzed together because they are part of the IDD, but peak height changes in this
region due to CK-2 phosphorylation were much less than observed in the more c-terminal residues
of the IDD (red, Figure 4.9). Residues 93-172 were analyzed together because of the large changes
observed in peak height upon hnRNP A18 phosphorylation by CK-2 (red, Figure 4.9).
Within residues 1-83, L13, T17, and Q31 were observed to remain greater than two
standard deviations above the average peak height within residues 1-83. Examination of the
hnRNP A18 RRM x-ray crystal structure indicated that L13 and T17 are on a loop between βstrand 1 (β1) and alpha helix 1 (α1) and may form a hydrophobic pocket with L22 on α1 (Figure
4.10A). The relative peak height changes for the 1H-15N correlations of L13, T17, and L22 were
96%, 87%, and 88%, respectively. This suggests that the chemical environment for the amide
proton and nitrogen atoms of these residues were very similar pre and post CK-2 phosphorylation.
Also, K7, K39, K61, and K70 all contained peak heights that were below two standard deviations
of the average peak height of residues 1-83 after CK-2 phosphorylation. However, both K7 and
K70 had peak height increases that were greater than two standard deviations of the average peak
height of residues 1-83 at 132% and 124%, respectively (Figure 4.9B). K7 is at the N-terminus of
β1 and K70 is on a loop between alpha helix 2 (α2) and β-strand 4 (β4) (Figure 4.10B). Weaker 1H15N

correlations in HSQC spectra can occur because of conformational averaging of diverse

chemical environments for amid protons and nitrogen atoms in residues that are in dynamic areas
of a protein. The increase in peak height suggests that the upon hnRNP A18 phosphorylation by
CK-2, K7 and K71 may be less dynamic and potentially adopt more stable conformations.
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A.

B.

Figure 3.9 Peak height analysis of hnRNP A18. Dashed lines indicate peak heights above or below
two standard deviations of peak heights for each segment. A. Dark blue indicates peak height of
aa 1-83 before CK-2 phosphorylation and light blue indicates peak height aa 1-83 after CK-2
phosphorylation. Dark red indicates peak height of aa 84-91 before CK-2 phosphorylation. Light
red indicates peak height of aa 84-91 after CK-2 phosphorylation. Dark green indicates peak height
of aa 93-172 before CK-2 phosphorylation. Light green indicates peak height of aa 93-172 after
CK-2 phosphorylation. Residues with a * are 2 standard deviations below the average peak height
after CK-2 phosphorylation. Residues with ** are two standard deviations above the average peak
height after CK-2 phosphorylation. B. Relative peak heights of hnRNP A18 after phosphorylation
by CK-2. Residues with a * are two standard deviations above the average peak height in each
region after CK-2 phosphorylation.
All changes in peak heights for residues 84-91 were within two standard deviations of the
average peak heights within those residues. Residues 84-91 are within the IDD of hnRNP A18 but
did not have the same marked decrease in peak height for amide proton-nitrogen correlations that
were observed for residues 93-172. Residue G92 has not been assigned or identified in full length
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hnRNP A18. It contained two very different amide proton-nitrogen correlations in both the hnRNP
A18 RRM and hnRNP A18C constructs that were utilized in conjunction with traditional 3D
assignment experiments to assign full length hnRNP A18. G92 may not be identified due to
conformational averaging within the time scale of observations.

A

B
K7

K70

L22

L13

T17

Figure 3.10 Amide proton-nitrogen correlation changes mapped onto the X-ray crystal structure
of the hnRNP A18 RRM. A. L13, T17, and L22 may interact to form a hydrophobic pocket
composed of the leucine side chains and T17 side chain methyl. B. K7 and K70 increased greater
than two standard deviations in peak height for residues 1-83 after CK-2 phosphorylation. K7 and
K70 are located on opposite sides of the hnRNP A18 RRM but are in potentially in dynamic
regions of the protein.
Overall, residues 93-172 experienced a large decrease in amide proton-nitrogen correlation
peak height. The average relative peak height after CK-2 phosphorylation within these residues
was 27%. Typically, residues within an IDD, such as the IDD of hnRNP A18, have overlapping
amide proton-nitrogen correlations in a 1H-15N-HSQC spectra because the chemical environments
of the amide proton and nitrogen atoms is relatively similar. This occurs because of a lack of
secondary protein structure and lack of atoms from spatially close residues that influence the
shielding of the amide proton and nitrogen nuclei. Thus, many of the nuclei have extremely similar
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chemical environments, which is why they closely overlap on the 1H-15N-HSQC spectra.
Normally, when peak heights of 1H-15N amide correlations decrease, this suggests that the
conformations available to these nuclei have increased. The more conformations available to the
nuclei, the broader the peaks due to averaging of such conformations. However, in the case of the
hnRNP A18 IDD, the decrease in peak height is suggestive of a change in the dynamics and
conformations available to the nuclei. This could be due to intra and inter molecular interactions
promoted by the phosphorylation of CK-2 and introduction of phosphate groups onto the predicted
phosphorylation sites, S159 and T169. This change in charge may restrict or change the
conformations available to the nuclei and the contribution of such conformations to the average
chemical environment.
Residues F104, D120, R116, R131, and S156 all had absolute peak heights that were
greater than two standard deviations above the average peak height for residues 93-172 region. In
comparison, only R116, R131, and D140 had relative peak heights that were two standard
deviations above the average of relative peak height at 70%, 50%, and 50%, respectively. S132,
D140, and S148 were close (44%, 49%, and 48%, respectively), but did not make the 50% cut off
at two standard deviations above the average peak height for residues 93-172. The guanidino
groups of arginine residues have been demonstrated to interact with phosphate groups, such as
those introduced through post translational modifications such as phosphorylation, and produce
extremely stable bonds that can withstand fragmentation induced by mass spectrometric
analysis190. Phosphorylation of hnRNP A18 may promote long-range electrostatic interactions
between arginine residues, such as R116 and R131, and phosphorylated residues, such as S159
and T169, that decrease the conformations available to residues within residues 93-172 of the
hnRNP A18 IDD. The phosphorylation of hnRNP A18 by CK-2 could also cause repulsion of
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acidic residues, such as D120 and D140, which may also induce constraints on the conformations
available to hnRNP A18.
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Figure 3.11 TALOS-N analysis of hnRNP A18 contour data pre and post CK-2 phosphorylation.
A. Dark blue indicates TALOS index associated with alpha helical character pre CK-2
phosphorylation of hnRNP A18. Light blue indicates TALOS index associated with alpha helical
character after hnRNP A18 phosphorylation by CK-2. Dark red highlights TALOS beta-sheet
character data of hnRNP A18 pre CK-2 phosphorylation and light red indicates TALOS index data
for hnRNP A18 associated with beta-sheet character after CK-2 phosphorylation. B. Dark green
indicates TALOS index associated with random coil before hnRNP A18 phosphorylation by CK2. Light green designates Talos index associated with random coil after CK-2 phosphorylation of
hnRNP A18.
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Examination of the TALOS Index values for alpha helical, beta sheet, and random coil
character based on NMR contour data both pre and post CK-2 phosphorylation indicated that the
alpha helical and beta sheet character of the hnRNP RRM (aa 1-83) did not change drastically
except for residues K39 through Q44 (Figure 4.11) K39 is part of β-strand 2 (β2) and D40 through
Q44 are part of the loop between β2 and β-strand 3 (β3). The alpha-helical character for this region
decreased while the random coil character consequently increased. Also, within the C-termini of
the hnRNP A18 IDD, a slight increase in alpha helical and beta-sheet character was observed for
residues Y167 through N171. A corresponding decrease in random coil character was observed
(Figure 4.11). Taken together, these data suggest that changes in protein dynamics may occur upon
hnRNP A18 phosphorylation by CK-2 that dictate changes in the conformations available to the
hnRNP A18 IDD.
Only one residue was observed to shift within the 1H-15N-HSQC spectra between the pre
and post CK-2 phosphorylation spectra of hnRNP A18 (Figure 4.12). G83 is at the C-terminal end
of β4 and could potentially become more dynamic upon the change in conformations available to
hnRNP A18 upon phosphorylation by CK-2. In the TALOS-N examination of hnRNP A18
contours, upon CK-2 phosphorylation G83 was observed to have an increase in the TALOS Index
associated with random coil probability and decrease in probability of beta-strand characteristics
(Figure 4.11). Upon titration with NaCl, at 250 mM of NaCl G83 moved back to its original
position within the hnRNP A18 1H-15N-HSQC spectra. This suggests that the ionic strength
required to disrupt electrostatic that potentially dictate the change in conformation of G83 is
approximately 250 mM.
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Figure 3.12 Contour perturbations of G83. A. Contour perturbations of G83 upon phosphorylation
of hnRNP A18 by CK-2. B. Reversal of G83 contour perturbation upon addition of salt.
Overall, these data suggest long-range electrostatic interactions might occur within the IDD
upon phosphorylation by CK-2. This is consistent computational data in which phosphorylation of
hnRNP A18 by CK-2 increases κ and could potentially generate intra-molecular electrostatic
interactions because of the charge generated by the phosphate groups. Increased κ values are
associated with intra-molecular electrostatic interactions within IDDs and IDPs 123. We
hypothesize that phosphorylation of hnRNP A18 induces intra or intermolecular electrostatic
interactions that change the available conformations of the hnRNP A18 IDD (Figure 4.13).
The strongest interaction of hnRNP A18 with target mRNAs requires CK-2 and GSK-3β
phosphorylation. Phosphorylation of hnRNP A18 by both kinases may induce pertinent structural
changes besides the required electrostatic interactions for such interaction. Analysis of the changes
in hnRNP A18 structure and dynamics by NMR provides the foundation for investigation of
hnRNP A18 phosphorylation by GSK-3β to further characterize the structure-function relationship
of RBPs with target mRNAs.
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Figure 3.13 Model for hnRNP A18 phosphorylation by CK-2. The hnRNP A18 RRM (aa 1-83) is
in blue with residues G83, K7, and K70 highlighted. G83 experiences local changes in chemical
environment indicated by contour perturbations. K7 and K70 increase in 1H-15N amide correlation
peak height upon CK-2 phosphorylation, which suggests they may potentially experience a
decrease in the conformations available to them. The N-terminal portion of the hnRNP A18 IDD
that does not experience major changes in amide proton-nitrogen correlation changes in peak
height is highlighted in red (aa 84-91). The IDD of hnRNP A18 with large changes in amide
proton-nitrogen correlation changes in peak height is highlighted in green (aa 93-172). Potential
interactions between arginine residues with relative peak heights two standard deviations above
the average peak height (aa 93-172) and predicted CK-2 phosphorylation sites (S159 and T149)
are highlighted.
5. Conclusions
The separation of hnRNP A18 into two constructs, the N-terminal RRM and the C-terminal
IDD, enabled assignments of the wildtype protein. While traditional heteronuclear backbone
assignment experiments (HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH, HNCO, and
HN(CA)CO) experiments enabled assignment of most residues in the IDD, a 5D BT(H)HNCO(CAN)CONNH experiment was required to confirm the assignments prior to

79

assignment of the wildtype protein. These assignments enabled assignments of hnRNP A18 with
CK-2 phosphorylation. CK-2 phosphorylation is one of the enzymes that post-translationally
modifies hnRNP A18. Investigation into the structural and functional changes that occur within
the IDD of hnRNP A18 upon post translational modification enable insight into the mechanisms
that govern RBP function. Specifically, hnRNP A18 investigations will provide insight into the
structural mechanisms that govern translation initiation in cellular stress conditions, like UV or
hypoxia, which are relevant in human disease states, such as solid tumor cancers.
6. Future Directions
To fully characterize the impact of CK-2 phosphorylation on hnRNP A18 structure and
function, further experiments must be performed that analyze the changes in contours of the side
chains residues whose chemical environment changes upon CK-2 phosphorylation. Specifically,
Cδ and Cγ resonances for arginine and aromatic residues should be obtained. Changes in Cδ and
Cγ resonances will be analyzed for potential involvement of such residues in intramolecular
electrostatic interactions that may be important for hnRNP A18 function.
Most importantly, hnRNP A18 interaction with the hnRNP A18 RNA consensus motif
should be analyzed to determine if CK-2 phosphorylated residues impact the binding affinity and
mode of interaction between hnRNP A18 and target mRNAs. To do this, hnRNP A18 with and
without phosphorylation should be analyzed with ITC and NMR with the hnRNP A18 RNA
consensus motif. ITC should be used to thermodynamically characterize the interaction between
hnRNP A18 and RNA, whereas NMR should obtain dynamic structural information about the
interaction. Pertinent residues for protein-nucleic acid interaction should be identified and changes
in protein-backbone dihedral angels should be analyzed to determine how to the structure of
hnRNP A18 changes upon interaction with target mRNAs.
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Finally, the impact of hnRNP A18 CK-2 phosphorylation on phase separation should be
investigated. Phase separation plays an important role in cellular stress responses and disease
pathologies14,120,122,127. To fully understand how RBPs facilitate normal cellular stress responses
and contribute to human disease, the structural mechanisms by which RBPs participate in normal
cellular processes and participate in phase separation must be characterized.
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Chapter IV. Identification of Small Molecule Inhibitors for hnRNP A18
1. Overview
This chapter discusses the development of small molecule inhibitors for the hnRNP A18 RRM
and target mRNA interactions. hnRNP A18 selectively regulates protein translation in solid tumor
cancers, such as breast and prostate cancer, via providing increased stability of target mRNA
transcripts for pro-survival genes, such as HIF-1α, TRX, CTLA-4, and others (Table 1.1).
However, normal, healthy tissue surrounding the cancerous cells does not show an upregulation
of the hnRNP A18 protein, making hnRNP A18 a tumor-selective therapeutic target3-5. hnRNP
A18 recognizes a 51-nucleotide consensus sequence within the 3' UTR of target mRNA transcripts
and stabilizes target transcripts to increase their translation2.
Small molecules were developed to block the hnRNP A18 RRM-mRNA interaction. Site
Identified Ligand Competitive Saturation (SILCS)-based techniques developed a pharmacophore
for the hnRNP A18 RRM based on its X-ray crystal structure, presented in Chapter 1. The
pharmacophore was computationally screened against a library with over 700,000 compounds and
over 200 compounds were identified. Of these 200 compounds, 40 compounds were investigated
based on chemical properties. One compound was identified as a lead compound and similarity
searches were performed that identified further small molecule derivatives for investigation. These
small molecules were investigated for interaction with the hnRNP A18 RRM via NMR, binding
affinity for hnRNP A18 through fluorescence polarization competition assays (FPCA), hnRNP
A18 specificity in RNA band shift assays, the ability to decrease TRX and CTLA-4 expression in
cancerous cells via in Western Blot analysis, and inability to impact normal growth in noncancerous cells. Current therapeutic strategies do not target this post-transcriptional regulation of
pro-survival genes and the CLTA-4 immune checkpoint together. These hnRNP A18 RRM

82

selective small molecule inhibitors are first-in-class molecules and have also enabled investigation
of the biological function of RNA binding proteins within cancer cells. Much of this work was
published in Nucleic Acids Research 6.
2. Introduction
One of the major drivers in cancer cell metastasis and therapeutic resistance is the hypoxic
cellular response. In response to low oxygen tension, tumor cells upregulate cellular processes
related to angiogenesis, erythropoiesis, proliferation, differentiation, immune suppression,
metabolic reprogramming, epithelial to mesenchymal cell transition (EMT), invasion, stem celllike phenotypic properties, and resistance to apoptosis 76,191. HIF-1α is the master regulator of the
hypoxic cellular response and is also correlated with chemoradiation therapeutic resistance.
Inhibition of HIF-1α signaling enhanced radiosensitivity of prostate carcinoma, pancreatic ductal
carcinoma, and squamous cell carcinoma cell lines and decreased the viability of such cell lines in
vivo and in vitro192-194.
Current small molecule approaches to inhibit HIF-1α signaling are not cancer cell specific and
may induce unacceptable off target side effects as well as toxicity 100. While these small molecule
probes have enabled investigation of the impact of HIF-α on chemotherapy and radiotherapy
resistance in cell lines, they are often not HIF-1α specific through the targeting of cellular
pathways, such as PI3K, or organelles, like the mitochondria. Some of the small molecules
investigated, such as apigenin, have an unknown mechanism of action due to the multiple signaling
cascades they impact within cells100,195,196. This poses challenges in eliciting the decrease in HIF1α signaling specific impact on carcinogenesis and therapeutic resistance. Phase I clinical trials
for many small molecules that inhibit HIF-1α signaling or expression have not been pursued or
have not been completed for unknown reasons (NCT01297530, clinicaltrials.gov)100.
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Hypoxia driven evasion of the immune system is critical for metastatic tumor progression. One
mechanism by which hypoxia promotes evasion of tumor cells from the immune system is through
the upregulation of the expression for programmed death-ligand 1 (PD-L1) and CTLA-4 on the
tumor cell surface6,76,197. While the biological role of CTLA-4 expression on tumor cells is still
being investigated, the function of PD-L1 on tumor cells has been more thoroughly characterized
and has become an important therapeutic target in melanoma, non-small cell lung cancer
(NSCLC), renal cell carcinoma (RCC), bladder cancer, head and neck squamous cell carcinoma
(HNSCC), Hodgkin’s lymphoma, and Merkel-cell carcinoma79,198. Moreover, hypoxia has been
suggested as a barrier in the chemotherapy, radiotherapy, and immunotherapy 199-201 and methods
that decrease hypoxia within the tumor microenvironment may have a positive impact on
therapeutic response.
To address the need for small molecule inhibitors that target the hypoxic cellular response,
hnRNP A18, an RBP recently described as differentially upregulated in cancerous tissue in
response to hypoxia, was targeted5,6. RBPs have been demonstrated to play a role in the
carcinogenesis and their expression has been correlated with patient prognosis26. hnRNP A18 is
upregulated in the solid tumors of breast, prostate, melanoma, and colon cancer tumors 5. Although
hnRNP A18 was initially identified based on its upregulation in UV radiated CHO cells 131, it was
subsequently identified in mice upon exposure to mild cold shock and is also known as Cold
Inducible RNA Binding Protein (CIRBP)82. In normoxic conditions, hnRNP A18 is lowly
expressed and predominantly located in the nucleus, but upon conditions of cellular stress such as
UV radiation or hypoxia, it translocates to cytoplasm1,2,4. Once in the cytoplasm, hnRNP A18
interacts with a 51-nucleotide motif in the 3′ UTR of target mRNA transcripts, such as HIF-1α,
TRX, and CTLA-43,6. hnRNP A18 also interacts with eIF4G, a scaffolding protein that is important
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for the recruitment of translational machinery5,94. Due to hnRNP A18’s differential upregulation
in hypoxic cancerous tissue and ability to target the both the hypoxic cellular response as well as
modulate the expression of CTLA-4 in cancerous cells, hnRNP A18 is a potential therapeutic target
for cancer treatment. Here we present NMR data toward the development of lead small molecule
inhibitors of hnRNP A18 with the overarching goal of the development of hnRNP A18 inhibitors
that can be clinically utilized.
3. Methods
3.1 NMR: 15N-labeled A18 RNA Recognition Motif Purification
15N-labeled

and

13C, 15N-double

labeled hnRNP A18 RNA Recognition Motif (RRM)

(residues 1–92 of hnRNP A18 wildtype) was expressed and purified (>99%) with methods like
those described previously. Briefly, the hnRNP A18 RRM construct was cloned into the
Escherichia coli expression plasmid pHGK-IF (unpublished) in-frame with a 6x-His-tagged
protein G, B1 domain (GB1) fusion protein and Tobacco etch virus (TEV) protease- cleavage site
upstream. The pHGK-A18 RRM construct was transformed into E. coli BLD21(DE3) cells and a
single colony was grown in 5 l L of M9 minimal medium162 with 15N-labeled (>99%) ammonium
chloride as the single nitrogen source at 37 ºC. Double-labeled 13C–15N-labeled preparations were
grown using 15N-labeled ammonium chloride (>99%) and 13C6-labeled glucose (>99%) as the only
nitrogen and carbon sources, respectively. When the A600 reached 0.8, the incubation temperature
was reduced to 18 ºC. His6GB1-A18 RRM expression was induced by the addition of 1 mM IPTG
(isopropyl β-D-1-thiogalactopyranoside), and cells were grown for an additional 16 h at 18 ºC.
Cells were pelleted by centrifugation at 10,000 g for 20 min. The cells were resuspended in a
denaturing buffer (20 mM Tris pH 7.4, 500 mM NaCl, 5 mM imidazole, 6 M urea and 0.5 mM
AEBSF) and lysed via sonication. The cells were centrifuged for 18x000 g for 45 min to pellet
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cellular debris and the supernatant was filtered with a 0.45 μm syringe. The filtered supernatant
was applied to a 5 ml HisTrap FF column (GE Healthcare, catalog No. 17-52255-01), which was
equilibrated with the denaturing buffer. A refolding buffer (20 mM Tris pH 7.4, 500 mM NaCl, 5
mM imidazole) was applied to the column as a linear gradient over 20 column volumes (100 ml).
His6GB1- hnRNP A18 RRM was eluted from the column through a linear gradient of elution
buffer (20 mM Tris pH 7.4, 500 mM NaCl, 500 mM Imidazole) over 10 column volumes (50 ml).
The eluted fractions were analyzed by SDS-PAGE and fractions with His6GB1-hnRNP A18 RRM
were combined, dialyzed into the refolding buffer (see above) overnight, and treated with Histagged TEV protease simultaneously to remove hnRNP A18 RRM from the His6GB1 fusion
protein. The sample was applied to a HisTrap HP column (GE Healthcare, catalogue no. 17-524701) in refolding buffer and the flow through contained purified hnRNP A18 RRM. The protein
was dialyzed into ultrapure water, concentrated using Amicon Ultra centrifugal filter units with a
3 kDa molecular weight cut off, and quantified by the Bio-Rad Protein Assay (Bio-Rad Inc.,
Hercules, CA). The hnRNP A18 RRM was stored at a concentration of ∼0.33 mM in ultrapure
water at -80 ºC until use.
3.3 NMR spectroscopy
The hnRNP A18 RRM samples used for compound screening via high field NMR
spectroscopy contained 0.1–0.2 mM 15N-labeled hnRNP A18 RRM, ultrapure water, 10% D2 O,
5% d6-DMSO and up to 5 mM of each of the forty compounds tested, as based on their solubility.
All of the 2D 15N-edited HSQC data were collected at 25 ºC with a Bruker Avance 800 US2 NMR
spectrometer (800.27 MHz, 1H) equipped with pulsed-field gradients, four frequency channels, an
automatic sample changer, and a TXI cryogenic probe. Backbone contour assignments for the
RRM domain of hnRNP A18 were obtained using standard heteronuclear multidimensional NMR
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experiments for double labeled 13C–15N-labeled hnRNP A18 RRM and deposited in the Biological
Magnetic Resonance Database (BRMB; access number 28117). Backbone resonance assignments
in the presence of compounds were achieved via compound titrations and monitoring contour
changes until solubility limits were reached (<5 mM compound). Data were processed with
NMRPipe165, and proton contours and their perturbations upon binding the various compounds
were reported with respect to the H2O or HDO signal taken as 4.698 ppm relative to external TSP
(0.0 ppm).
Titrations of Compounds into an NMR sample of hnRNP A18. The compounds termed
here as Chembridge 7858888, Chembridge 7646184, Chembridge 6823240 and VITAS
STK508411 were titrated into 0.15 mM hnRNP A18 RRM at concentrations of 0, 0.075, 0.15 and
0.30 mM. Contour perturbations were observed via 1H-15N-edited HSQCs. All titrations were
performed in 20 mM Tris pH 9.0, 10% D2O and 5% D6MSO at 37º C, and collected with a Bruker
Avance 800 US2 (800.27 MHz NMR spectrometer equipped with pulsed-field gradients, four
frequency channels, and a TXI cryogenic probe).
A 19-nucleotide portion of the hnRNP A18 consensus sequence from TRX (TRX-19) was
titrated into 60 μM of the hnRNP A18 RRM in 20 mM Potassium Phosphate, at pH 7.4, 298K, and
10% D2O. TRX-19 was gratiously provided by the laboratory of Dr. Michael Summers, an HHMI
professor at University of Maryland Baltimore County. 1H-15N-edited HSQC spectra were
obtained at 15 μM (1:4, RNA: Protein), 30 μM (1:2, RNA: Protein), 60 μM (1:1, RNA: Protein),
and 120 μM (2:1, RNA: Protein) of TRX-19. All titrations were performed on a Bruker Avance
III 950 MHz equipped with z-gradient TCI cryogenic probe.
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4. Results & Discussion
4.1 Identification and Investigation of Potential Small Molecule Inhibitors of the hnRNP A18
RRM RNA Interaction
The computer aided drug design (CADD) method Site Identified Ligand Competitive
Saturation (SILCs)113-115,202,203 identified 240 potential inhibitors of the hnRNP A18 RMM and
hnRNP A18 target RNA interaction. These compounds were identified through comparison of the
hnRNP A18 RRM X-ray crystal structure (PDB ID: 5TBX) with a crystal structure of the first
RMM of hnRNP A1 in complex with RNA (PDB ID: 5MPL), the hnRNP family member with an
RRM that contains the highest sequence similarity to hnRNP A18 6. The method of interaction
identified through the comparison of the two structures is in agreement with the current literature
model proposed for RRM and RNA interaction through analysis of X-ray crystallography and
NMR structures of RRM and RNA interactions within the literature39. Due to the large number of
compounds identified, the compounds were grouped together based on similarity of physical,
chemical, and structural properties. 40 of the compounds were selected for screening by NMR.
Five general classes of 1H-15N HSQC spectra were observed upon combination of the hnRNP
A18 RRM and the investigated compounds. The 1H-15N HSQC spectra were classified upon visual
inspection as: no differences (13 compounds), contour broadening (2 compounds), small contour
perturbations and some contour broadening (9 compounds), many small discreet contour
perturbations with very little contour broadening (4 compounds), and complete disappearance of
the protein within the spectra (7 compounds). 5 spectra were in between the third class (small
contour shifts and some contour broadening) and fourth class (many small discreet contour
changes with very little contour broadening).
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The 1H-15N HSQC spectra with no observed changes could have occurred because the
compounds did not bind to the hnRNP A18 RRM at the concentrations investigated or because the
compounds did not bind to the hnRNP A18 RRM at all. Further investigations would have been
required to determine exact cause of the 1H-15N HSQC spectra without any changes. However,
because these 1H-15N HSQC spectra suggest weak or nonexistinent binding interactions between
the hnRNP A18 RRM and investigated compounds, no further investigations were pursued. The
1H-15N

HSQC spectra with changes suggested protein and compound interaction. Thus, were

categorized and analyzed for potential follow up.
The changes in the 1H-15N HSQC were suggestive of chemical exchange in which dynamic
processes occur such that NMR probes, such as the residues within the hnRNP A18 RRM, were
exposed to multiple chemical environments within a time-dependent manner184. In the simplest
model for hnRNP A18 and compound interaction, there is dynamic exchange between two
different states, A and B, which represent compound free and compound-bound states (Eq. 1). kA
represents the on rate in which the compound binds to hnRNP A18 and kB represents the off rate
in which the compound dissociates from hnRNP A18. kex quantifies the average number of
exchange events that could occur per unit of time (Eq. 2). The two states, A and B, hnRNP A18
RRM bound and un-bound with respect to compound, have two different resonance frequencies,
vA and vB, and a chemical frequency difference, Δv, (Eq. 3). Both kex and Δv have the same units
(/s “per second”) and thus can be compared directly204.

𝑘𝐴
𝐴⇌𝐵
𝑘𝐵

Eq. 1

𝑘𝑒𝑥 = 𝑘𝐴 + 𝑘𝐵

Eq. 2
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∆𝑣 = |𝑣𝐴 − 𝑣𝐵 |

Eq. 3

NMR spectra are partitioned into three general classes of exchange based on the relationship
of kex to Δv, slow, intermediate, and fas205t. Within slow exchange, kex<< |Δv| and signals from
both states, A and B, are observed in the NMR spectra with distinct chemical shifts, linewidths,
and intensities205. This occurs because there is a lack of significant interconversion from states A
and B (for the hnRNP A18 RRM, bound and unbound to compound) during the detection period
of the experiment. The populations of each peak are directly associated with the intensity of each
peak. The populations of each state, A and B, within all types of exchange are defined by the on
and off rates (Eq. 4, 5).

𝑃𝐴 = 𝑘
𝑃𝐵 =

𝑘𝐴

Eq. 4

𝐴 +𝑘𝐵

𝑘𝐵

Eq. 5

𝑘𝐴 +𝑘𝐵

𝛿𝑂𝑏𝑠 = 𝛿𝐴 𝑃𝐴 ∗ 𝛿𝐵 𝑃𝐵

Eq. 6

For intermediate exchange, kex approximately equals |Δv| (kex

≈

|Δv|)184. One important

characteristic of chemical shifts and contours for intermediate exchange is linewidth broadening.
Linewidth, λ, is the peak width at the half maximum height at a frequency, v. λ describes dynamic
properties associated with a frequency, or chemical shift (δ)184. For sample, tightly binding
compounds with a small kex in slow exchange would have a δ with a very narrow λ and a taller
peak height. Even in slow exchange, as kex increases (more opportunities for interconversion
between states A and B within the detection period), λ can begin to broaden and peak height will
decrease. As kex approaches |Δv|, such as intermediate exchange (kex
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≈

|Δv|), the individual δ’s

observed for each state broaden. Often, one or both signals associated with states A and B will no
longer be detected due to interference from the conversion between states A and B during the
detection window204. Finally, within fast exchange, kex >> |Δv| and a single signal or chemical
shift, δObs is observed with a population-weighted chemical frequency (Eq. 6). This occurs because
of the significant interconversion between states A and B within the detection period184. The more
rapid the conversion (the greater the kex), the narrower the peak height and the smaller the λ for a
particular δ184.
While there are three general categories of exchange based on the relationship between kex and
|Δv|, exchange is a continuum and spectra can contain features that are a hybrid of
slow/intermediate and intermediate/fast exchange as well204. Also, spectra of complex biological
molecules, such as proteins, can contain chemical probes (i.e., residues) in different locations that
undergo different dynamics upon introduction of an interaction partner, such as a small molecule.
In this manner, some residues maybe be in a slow or intermediate exchange dynamic upon
interaction with a small molecule while others may experience fast exchange dynamics if the
interaction partner binds through more than one site or causes global conformational changes. For
example, the 1H-15N HSQC spectra from compounds that contained small contour shifts and some
contour broadening could have occurred because some of the interactions of compounds with
hnRNP A18 RRM could have occurred in fast exchange, and some could have occurred in
intermediate exchange. The interactions that produced a single contour perturbation would have
been in fast exchange (kex >> |Δv|) in which there was significant interconversion between the free
and bound states of the hnRNP A18 RRM with compound. These interactions were weaker and
less tightly binding than the interactions that would have produced the contour broadening in
which the λ of the counter was decreased. Amide proton-nitrogen correlations with decreased

91

height and larger λ were most likely in intermediate exchange where interconversion between the
unbound and bound states of the hnRNP A18 RRM with compounds was slower than as observed
for the residues in fast exchange. 2 of the 5 classes of 1H-15N HSQC spectra (small contour shifts
and some contour broadening, and many small discreet contour perturbations with very little
contour broadening) contained both intermediate and fast exchange characteristics. Spectra that
contained no observable contours upon addition of the compound were not hypothesized to be in
intermediate exchange. Precipitation was observed upon addition of the compound and thus it was
hypothesized that such compounds produced an insoluble complex upon interaction with the
hnRNP A18 RRM. Such compounds were also not further investigated like the compounds that
produced no chemical contour changes within the 1H-15N HSQC spectra.
Based on the strong contour perturbations and some contour broadening, Chembridge 785888
was selected as a lead compound for further investigations (Figure 4.1). Chembridge 785888 was
primarily selected because it demonstrated contour perturbations within the conserved
ribonucleoprotein (RNP) binding domain (Figure 4.2) through residues, specifically F9, F15, and
F49, which are hypothesized to interact with the nitrogenous bases of target mRNAs through π-π
interactions. F9 is hypothesized to be in intermediate to fast exchange because of the presence of
a single shifted contour, and decreased contour height and intensity when compared with the
control. F15 is hypothesized to be in intermediate exchange because of the exchange broadening
in the presence of compound. Finally, F49 is hypothesized to be in fast exchange because of the
strong, single contour that is shifted in the presence of Chembridge 7858888. The between hnRNP
A18 RRM amide proton and nitrogen correlations before and after the introduction of Chembridge
7858888 were analyzed in attempt to identify a potential binding pocket (Figure 4.2, Table 4.1).
However, many other residues, other than F9, F15, and F49 highlighted above, also experienced
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exchange broadening or contour perturbations that are consistent with residues in fast exchange.
This suggested that the compound could have multiple modes of interaction with the hnRNP A18
RRM or that global conformational changes could have been induced within the hnRNP A18 RRM
upon interaction with Chembridge 7858888. However, further NMR investigations would have
been required to determine the exact nature of the perturbations.
Fluorescence anisotropy investigations by the Wilson group determined the IC50 of
Chembridge 7858888 to be 6.4 ± 1.2 μM. In the fluorescence anisotropy experiment, recombinant
GST-hnRNP A18 was combined with a fluorescein tag hnRNP A18 RNA motif and anisotropy
was measured in the presence of increasing Chembridge 7858888 6. When Chembridge 7858888
was investigated for compound specificity through the electrophoretic mobility shift (EMSA)
assay by the Carrier group, it demonstrated promiscuity at higher concentrations. In the EMSA,
hnRNP A18, hnRNP A1, and hnRNP F recombinant proteins were incubated with their respective
consensus RNA binding motifs and compound. Disappearance of RNA and band shifts indicative
of protein-RNA interaction were considered conformation of small molecule interaction with the
RBP. hnRNP A1 and hnRNP F are hnRNP family members with RRMs that are sequentially
related to the hnRNP A18 RRM. At lower concentrations, Chembridge 7858888 primarily
disrupted interactions between hnRNP A18 and its’ consensus RNA binding motif. However, at
higher concentrations it was observed to disrupt interactions for hnRNP A1 and hnRNP F6.

Table 4.1 Contour perturbations (CPs) in hnRNP A18 RRM upon the addition of
Chembridge 7858888.
δ 1H in the
δ 15N in the
δ 1H Shift
δ 15N
Δ 1H
Δ 15N
Residue
Presence of
Presence of
(PPM)
(PPM)
(PPM)
(PPM)
7858888 (PPM) 7858888 (PPM)
2Ala
8.409
126.504
**
**
nd
nd
3Ser
8.156
115.547
**
**
nd
nd
4Asp
8.335
123.042
8.303
122.702
0.032
0.34
93

Table 4.1 Continued
5Glu
8.223
6Gly
8.508
7Lys
7.453
8Leu
9.492
9Phe
9.119
10Val
7.899
11Gly
8.892
12Gly
8.218
13Leu
7.352
14Ser
9.1
15Phe
8.658
16Asp
7.975
17Thr
7.189
18Asn
7.899
19Glu
9.836
20Gln
7.997
21Ser
8.035
22Leu
7.678
23Glu
8.588
24Gln
7.97
25Val
7.481
26Phe
8.16
27Ser
8.386
28Lys
6.968
29Tyr
7.554
30Gly
7.237
31Gln
8.165
32Ile
8.632
33Ser
8.913
34Glu
7.138
35Val
8.333
36Val
8.657
37Val
8.331
38Val
8.2
39Lys
8.067
40Asp
8.509
41Arg
8.762

120.882
108.596
122.405
128.541
124.773
127.353
112.057
107.765
115.461
115.812
127.815
116.504
119.777
127.353
119.608
119.715
117.166
120.205
120.927
118.441
116.013
116.983
116.466
120.264
116.382
105.764
116.806
130.174
122.981
120.887
125.457
125.346
127.184
130.717
125.76
124.118
127.969

8.267
8.603
7.456
9.466
9.047
7.719
8.813
8.139
7.494
9.047
8.638
7.947
7.18
7.878
9.894
7.96
8.007
7.678
8.567
7.935
7.46
8.154
8.401
6.955
7.56
7.229
8.172
8.627
8.932
7.144
8.302
8.627
8.279
8.124
8.019
8.49
8.743
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121.463
108.769
122.419
128.48
124.66
127.119
111.846
107.758
115.528
115.726
128.294
116.529
119.8
127.335
119.692
119.667
117.124
120.329
121.136
118.258
116.084
117.023
116.522
120.265
116.452
105.8
116.813
130.256
123.154
120.453
125.368
125.391
127.094
130.586
125.713
123.951
128.29

-0.044
-0.095
-0.003
0.026
0.072
0.18
0.079
0.079
-0.142
0.052
0.019
0.028
0.009
0.021
-0.058
0.036
0.028
-0.001
0.021
0.036
0.021
0.006
-0.015
0.013
-0.006
0.008
-0.006
0.005
-0.019
-0.006
0.031
0.03
0.052
0.075
0.048
0.018
0.019

-0.582
-0.172
-0.014
0.061
0.113
0.234
0.211
0.007
-0.068
0.086
-0.479
-0.024
-0.023
0.018
-0.084
0.047
0.041
-0.124
-0.208
0.182
-0.071
-0.04
-0.056
0
-0.07
-0.036
-0.007
-0.081
-0.173
0.434
0.089
-0.045
0.09
0.131
0.047
0.167
-0.321

Table 4.1 Continued
42Glu
8.467
43Thr
7.996
44Gln
8.01
45Arg
7.502
46Ser
8.642
47Arg
8.945
48Gly
9.466
49Phe
6.984
50Gly
8.669
51Phe
8.872
52Val
8.629
53Thr
8.854
54Phe
8.639
55Glu
7.792
56Asn
9.166
57Ile
8.588
58Asp
8.276
59Asp
7.185
60Ala
6.812
61Lys
7.614
62Asp
7.583
63Ala
8.004
64Met
8.216
65Met
7.646
66Ala
7.629
67Met
7.879
68Asn
7.529
69Gly
8.515
70Lys
7.7
71Ser
7.981
72Val
8.824
73Asp
9.365
74Gly
8.27
75Arg
7.458
76Gln
8.309
77Ile
8.272
78Arg
8.265

118.002
108.151
115.129
118.893
117.428
123.799
108.997
113.392
107.088
115.042
122.963
124.178
128.312
120.931
117.452
125.265
122.088
122.251
120.954
118.305
121.003
123.228
118.525
116.642
120.481
112.023
118.081
117.221
121.736
114.264
126.474
129.868
102.134
120.864
122.65
122.952
123.636

8.484
7.992
8.037
7.494
**
8.911
9.408
6.924
8.547
8.777
8.588
8.822
8.54
7.777
9.197
8.584
8.265
7.183
6.804
7.612
7.558
7.996
8.261
7.621
7.628
7.877
7.528
8.511
7.693
7.933
8.816
**
8.264
7.454
8.239
8.251
8.251
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118.113
108.217
115.215
118.934
**
123.861
108.834
113.533
107.031
114.724
122.91
123.834
127.921
121.074
117.518
125.38
121.914
122.307
121.023
118.211
121.112
123.253
118.355
116.69
120.501
112.082
118.074
117.241
121.74
114.258
126.437
**
102.18
120.902
122.407
122.613
123.775

-0.016
0.004
-0.027
0.007
nd
0.034
0.059
0.06
0.122
0.095
0.041
0.032
0.099
0.015
-0.031
0.005
0.011
0.002
0.008
0.002
0.024
0.008
-0.045
0.025
0
0.002
0.001
0.004
0.007
0.048
0.009
nd
0.006
0.004
0.07
0.021
0.014

-0.111
-0.065
-0.086
-0.041
nd
-0.062
0.163
-0.14
0.058
0.318
0.054
0.344
0.391
-0.143
-0.066
-0.115
0.174
-0.056
-0.068
0.094
-0.11
-0.025
0.17
-0.048
-0.019
-0.059
0.007
-0.02
-0.003
0.006
0.037
nd
-0.045
-0.038
0.243
0.339
-0.139

Table 4.1 Continued
79Val
8.573
124.692
8.541
124.854
0.032
-0.162
80Asp
9.024
125.941
9.007
126.105
0.016
-0.164
81Gln
9.052
122.698
9.139
122.782
-0.088
-0.084
82Ala
8.562
127.823
8.538
127.676
0.024
0.148
83Gly
nd
nd
nd
nd
nd
nd
84Lys
7.88
121.095
**
**
nd
nd
85Ser
8.123
117.35
8.12
117.274
0.003
0.076
86Ser
8.184
118.647
8.207
118.549
-0.023
0.098
87Asp
8.074
122.771
**
**
nd
nd
88Asn
8.183
120.458
8.237
121.047
-0.054
-0.589
89Arg
8.084
121.425
**
**
nd
nd
90Ser
8.095
116.919
**
**
nd
nd
91Arg
8.084
123.489
**
**
nd
nd
92Gly
7.799
116.565
7.788
116.577
0.011
-0.013
** indicates resonances with contour values that broadened below baseline in the presence of
compound
nd – not detected
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A

B

Figure 4.1 The interaction between the hnRNP A18 RRM and Chembridge 7858888. A. 1H-15N
HSQC spectrum of the hnRNP A18 RRM control (no compound) in black and with compound in
red. B. Chemical structure of Chembridge 7858888.
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Figure 4.2 Contour perturbations of the hnRNP A18 RRM in the presence of Chembridge
7858888. A. Changes in proton and nitrogen correlations analyzed by residue. B. Residues within
the hnRNP A18 RRM in the conserved RNP binding motifs. C. Changes in proton and nitrogen
correlations mapped onto the hnRNP A18 RRM X-ray crystal structure.
The lack of hnRNP A18 specificity, especially at higher concentrations, and low μM IC50
(6.4 ± 1.2 μM) of Chembrdige 7858888 demonstrated a need for a tighter binding and more hnRNP
A18 specific compound. A similarity search was performed by the Mackerell group based on
Chembridge 7858888 that identified compounds with similar biochemical properties and were also
commercially available. From the similarity search 264 compounds were identified. Based on their
log P and bioavailability117, the Carrier group investigated 81 compounds for cell membrane
permeability capabilities through the Parallel Artificial Membrane Permeability Assay (PAMPA).
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They also investigated 20 of the compounds that met cell permeability requirements (PAMPA
Pe>20) for hnRNP A18 specificity through the EMSA. Chembridge 7646184, Chembridge
6823240, and VITAS STK508411 were identified for further investigation based on structural
similarities to Chembridge 7858888, cell permeability, and specificity for hnRNP A186.
Titrations of Chembridge 7646184, Chembridge 6823240, and VITAS STK508411 with
the hnRNP A18 RRM produced 1H-15N HSQC spectra with perturbations between amid proton
and nitrogen correlations that were much smaller, but more distinct than the perturbations that
were observed with Chembridge 7858888. Chembridge 7646184 produced stronger perturbations
in Q81 and S86, and smaller perturbations in G48, M65, and S85 (Figure 4.3). Chembridge
6823240 produced strong perturbations in I13 and Q81, but smaller perturbations in S14, T17, and
N18 (Figure 4.4). VITAS STK508411 induced 1H-15N HSQC spectra amide proton and nitrogen
correlation perturbations (Figure 4.5) like that of Chembridge 7646184 (Figure 4.3). The similarity
between the amide proton and nitrogen correlation perturbations in the 1H-15N HSQC spectra from
titrations of the hnRNP A18 RRM with Chembridge 7646184 and VITAS STK508411 suggest
that the mode of interaction between the hnRNP A18 RRM and those compounds may be similar.
Overall, the more pointed spectral perturbations suggest that these compounds do not potentially
contain multiple modes of interaction with the hnRNP A18 RRM or induce global conformations
upon binding the hnRNP A18 RRM like that of Chembridge 7858888.
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M65

Q81
S85
S86
G48

Figure 4.3 The interaction of hnRNP A18N with Chembridge 7646184. A. 1H-15N HSQC
spectrum of the hnRNP A18 RRM with Chembridge 7646184 in red and without (control) in black.
B. Space filled model of the hnRNP A18 RRM X-ray crystal structure with contour perturbations
mapped onto it. Red indicates a strong perturbation and pink indicates as medium to mild
perturbation. C. Chemical structure of Chembridge 7646184.
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Q81

S14
I13

Figure 4.4 The interaction of hnRNP A18N with Chembridge 6823240. A. 1H-15N HSQC
spectrum of the hnRNP A18 RRM with Chembridge 6823240 in blue and without (control) in
black. B. Space filled model of the hnRNP A18 RRM X-ray crystal structure with contour
perturbations mapped onto it. Red indicates a strong perturbation and pink indicates as medium to
mild perturbation. C. Chemical structure of Chembridge 6823240.
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Figure 4.5 The interaction of hnRNP A18N with VITAS STK508411. A. 1H-15N HSQC spectrum
of the hnRNP A18 RRM with VITAS STK508411 in red and without (control) in black. B. Space
filled model of the hnRNP A18 RRM X-ray crystal structure with contour perturbations mapped
onto it. Red indicates a strong perturbation and pink indicates as medium to mild perturbation. C.
Chemical structure of VITAS STK508411.
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Further investigations of Chembridge 7646184, Chembridge 6823240, and VITAS
STK508411 by the Wilson group determined the IC50 values of the compounds through a
fluorescence anisotropy assay in which the compounds’ ability to compete with hnRNP A18 in the
presence of the hnRNP A18 RNA motif was analyzed (Table 4.2)6. The low μM IC50 of the
compounds to disrupt the hnRNP A18 and hnRNP A18 nucleotide consensus suggest two potential
hypotheses. Specific RNA-protein interactions typically occur on the order of nM affinities, while
less-specific or non-specific interactions affinities are typically much lower. However, the multiple
points of contact between a protein and RNA can lead to stronger overall interactions, while the
individual interactions may be much weaker206-208. GSK-3β phosphorylation is required for
strongest interaction of hnRNP A18 with target mRNAs. Thus, the investigation of hnRNP A18
not phosphorylated by CK-2 and not subsequently phosphorylated by GSK-3β may decrease the
affinity of hnRNP A18 for target mRNAs such that compounds with μM IC50 values via
fluorescence anisotropy may be able to inhibit the protein-RNA interaction.
A second hypothesis that requires further investigation based on the data presented in this
chapter is that the interaction of the small molecule inhibitors with hnRNP A18 take it ‘off
pathway’. Through this potential mechanism interactions between hnRNP A18 and other proteins,
such as eIF4G, and target mRNAs are disrupted that do not enable hnRNP A18, even in the
phosphorylated state to form a high affinity state for complex formation. Fuzzy interactions are
formed when there are multiple mechanisms by which protein-protein and protein-nucleic acid
interactions can occur. The complexes still contain all machinery required to perform their
functions, but the manner the parts of the complexes interact can occur through different structural
conformations

50,51.

IDDs can form low affinity fuzzy complexes with multiple interaction

partners, which allow them to perform multiple regulatory functions depending on the available
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regulatory partners209. In this hypothesis, the small molecule inhibitors may be inhibiting the
ability of hnRNP A18 to form of low affinity fuzzy complexes that lead to the formation of
complexes with higher affinity to mRNA.
The Carrier group also identified the compounds decreased cell viability in human
melanoma and breast cancer cell lines, LOV-IM-IV cells and MDA-MB231 cells respectively.
The melanoma and breast cancer cell lines were either transfected with scrambled shRNA or
shRNA for hnRNP A18 (shA18). The cells transfected with shA18 demonstrated increased
viability compared to the cells transfected with scrambled shRNA (Table 4.2)6. Also, normal
healthy tissue has low to undetectable expression of hnRNP A18 by Western Blot analysis 5.
Together these data suggest that normal healthy tissue may have increased viability as compared
to cancerous tissue due to differential expression patters of hnRNP A18. Differential expression
of hnRNP A18 will potentially eliminate some off target effects from potential future therapeutics.
Other proposed methods for targeting protein translation within cancer include inhibition
of eukaryotic initiation factor 4F (eIF4F), because eIF4F as well as other eukaryotic initiation
factors are upregulated in cancerous tissue73,210. However, eIF4F is also expressed in normal,
healthy tissue. Small molecules that target eIF4F or other initiation factors present in healthy tissue
may increase the change of off target side effects. The differential expression of hnRNP A18
between cancerous and normal tissues make it an attractive therapeutic target, especially since
hnRNP A18 upregulates pro-survival mRNAs, such as HIF-1α, and the immune checkpoint
receptor CTLA-4 in hypoxic cancerous tissues.
The mRNA of CTLA-4 was recently identified as an hnRNP A18 target by the Carrier
group6. CTLA-4 is an immune checkpoint receptor expressed typically located intracellularly in T
cells. Upon T cell activation, CTLA-4 is exported to the extracellular cellular membrane where it
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interacts with co-stimulatory molecules, such as cluster of differentiation (CD) 80 and CD86211,212.
Stimulation of CTLA-4 dampens the T cell response77,213. Thus, the role of CTLA-4 activation in
T cells has been well characterized and investigated. Blocking of CTLA-4 activation on T cells
with immunotherapies such as Ipilimumab and Tremelimumb, have also emerged as novel
therapeutics that extend patient progression free and overall survival in melanoma when compared
with traditional chemoradiation therapeutics alone79,80. However, CTLA-4 expression is not
limited to T cells. The earliest identification of CTLA-4 expression in tumors was in leukemias,
and Hodgkin’s and non-Hodgkin’s lymphomas214. Subsequent expression of CTLA-4 was also
identified in the tumors of non-hematopoietic cancers such as melanoma, breast cancer, lung
cancer, esophageal carcinoma, and nasopharyngeal carcinoma213. The expression of CTLA-4 on
tumors suggests a functional role for the receptor within cancerous tissue. However, the exact
nature of the functional role for CTLA-4 in tumor cell biology has yet to be defined215.

Table 4.2 Summary of hnRNP A18 Small Molecule Inhibitor Properties.
Fluorescence
Compound
Band Shift Results
Anisotrophy IC50
Chembridge
6823240

hnRNP A18 specific

Chembridge
7646184

hnRNP A18 specific

15 ± 4 μM

VITAS
STK508411

hnRNP A18 specific

2.9 ± 0.6 μM

Specificity in Cell
Lines

13 ± 2 μM
Decreased cell viability
in human melanoma
(LOX-IM-IV) and
breast cancer (MDAMB-231) cells
expressing hnRNP A18
compared to cells
depleted of hnRNP A18

hnRNP A18 presents a unique opportunity to target the hypoxic cellular response in tumor
cells via regulation of HIF-1α as well as tumor expression of immune checkpoint through CTLA105

46. HIF-1α promotes cellular metabolism, angiogenesis, glucose uptake, cell proliferation,
differentiation, and apoptosis through genetic regulation98. It also promotes chemoradiation
therapeutic resistance and indicates a poorer patient prognosis 76,98. Approaches for the
development of HIF-1α therapeutics traditionally involved the design and use of small molecule
inhibitors that indirectly target HIF-1α. Many of the compounds were identified through chemical
screens that demonstrated decreased expression levels of HIF-1α upon treatment of various cancer
cell lines. A more detailed review of this literature has already been performed and the authors
suggest the readers review it100. However, pertinent molecules with incomplete or complete phase
I clinical trials are discussed.
One of the small molecules identified as a potential HIF-1α therapeutic, Apigenin,
downregulated HIF-1α through inhibition of the PI3K-AKT pathway195, which has the potential
for off target side effects due to the importance of the PI3K-AKT signaling pathway for normal
cells. BAY 87-2243, another compound that decreases HIF-1α expression, works through
inhibition of mitochondrial complex I activity216. When BAY 87-2243 was combined with
radiation therapy for xenografts of human squamous cell carcinoma in nude mice, it demonstrated
radiosensitizing effects194. However, a clinical trial by Bayer Pharmaceuticals designed to evaluate
the maximum tolerable dose of BAY 87-2243 was terminated for unknown reasons
(NCT01297530). While BAY 87-2243 decreased HIF-1α expression, therapeutic targeting of
mitochondrial complex I may have produced unintended or intolerable off target side effects.
Finally, PX-478, a compound that decreases HIF-1α expression through an unknown mechanism,
was demonstrated to increase the radiosensitivity of glioma, squamous cell, and pancreatic
adenocarcinoma cell lines192,217-219. A phase I dose escalation clinical trial that investigated the
safety, pharmacodynamics (PD), and pharmacokinetics (PK) demonstrated that PX-478 was well
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tolerated. HIF-1α levels also decreased in a dose-dependent response. However, PK and PD
indicated that PX-478 was metabolized after administration because of low PX-478 levels. The
authors hypothesized that a PX-478 metabolite may be responsible for HIF-1 regulation and no
mechanism was proposed

220.

Subsequent clinical trials with PX-478 designed to investigate

clinical efficacy have not been pursued. Overall, investigations into apigenin, Bay 87-2243, and
PX-478 demonstrate pursuit of HIF-1α inhibition as a viable therapeutic option, especially when
combined with traditional radiotherapy and chemotherapy treatments.
While apigenin, Bay 87-2243, and PX-478 demonstrate the ability to decrease HIF-1α
expression, their mechanisms are not cancer cell specific and impact signaling or mitochondrial
proteins vital for normal cellular function. Design of hnRNP A18 specific small molecule
inhibitors presents the opportunity to target cancer cells specifically and decrease HIF-1α through
post-transcriptional regulation. Such specificity will hopefully aid in the elimination off target
effects and the impact of healthy tissues.
Other therapeutic strategies that involve protein translation inhibitors include rapamycin
and its analogs that target the mTOR/PIK3 pathway. However, Rapamycin and Rapamycin
analogues inhibit the initiation of cap-dependent translation, which is down-regulated in the
cellular response to stress and hypoxia. In contrast, hnRNP A18 is upregulated during the cellular
stress response. Pre-clinical investigations of protein translation inhibitors, such as Vistusertib a
dual mTORC1/2 inhibitor, in combination with immune-checkpoint inhibitors demonstrated
potentiation of the immune checkpoint inhibitors in pre-clinical mouse models of colorectal
cancer160.

Clinical investigations of protein translation inhibitors and immune checkpoint

inhibitors are under way to examine safety, dosing, and scheduling of such therapeutics
(NCT02890069). However, hnRNP A18 presents an opportunity to target both protein translation

107

and the immune checkpoints within a single molecule, as well as increase radiosensitivity to
radiation therapy.
5. Conclusion
hnRNP A18 provides an attractive mechanism by which to regulate expression of HIF-1α and
the immune checkpoint receptor CTLA-4 through a cancer cell specific mechanism. Cells under
cellular stress, such as hypoxia or UV, upregulated hnRNP A18. Specifically, hnRNP A18 has
been demonstrated to be upregulated in the solid tumors of breast, colon, prostate, and melanoma
cancers5 as compared to normal, healthy tissue. Previously investigated molecules to decrease
HIF-1α expression in cancer target non-cancer specific signaling pathways, mitochondrial
function, or have an unknown mechanism of action that could lead to off target side effects. While
such compounds have demonstrated the potential for HIF-1α therapeutics to act as a
chemoradiation sensitizing agent, they have not been pursued past phase I clinical trials for
undisclosed reasons. hnRNP A18’s cancer specific upregulation and mechanism of action
decreases off target side effects associated with other HIF-1α agents but has the potential for
retention of such radio sensitizing properties.
The combination of protein translation inhibitors with immunotherapies is an attractive
therapeutic option because of pre-clinical studies. However, there are no current therapeutic
options that perform both functions. Because CTLA-4 and HIF-1α are mRNAs targeted by hnRNP
A18 for upregulation, hnRNP A18 presents a novel approach to address both pathways within a
single agent. The small molecules presented here are a step toward the development of clinically
investigated and utilized small molecule inhibitors for hnRNP A18.
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6. Future Directions
To determine the mode of interaction between hnRNP A18 RRM and Chembridge 7646184,
Chembridge 6823240, and VITAS STK508411, protein crystals should be grown with the hnRNP
A18 RRM and all three of the lead compounds. The X-ray crystal structures will provide valuable
insight into the mechanism of interaction between the inhibitors and hnRNP A18 RRM but will
also provide valuable structural insights into the hnRNP A18 specificity of such compounds. Such
structures will also be valuable for development of future derivatives of the current lead
compounds. Unpublished data from the Carrier group indicate that the currently investigated small
molecules have short half-lives and relatively low stability in vivo. Medicinal chemistry
investigations are required to identify related compounds with much higher in vivo stability as well
as binding affinity for the hnRNP A18 RRM. After discovery of more stable and tighter binding
compounds, the compounds should be examined by NMR and X-ray crystallography to determine
the mode of interaction as well as dynamics upon interaction of the compounds and the hnRNP
A18 RRM.
The binding of a 19-nucleotide sequence from the hnRNP A18 consensus sequence within the
TRX 5' UTR (TRX-19) induced large perturbations within the amide proton and nitrogen
correlations in the hnRNP A18 RRM 1H-15N HSQC spectrum (Figure 4.6). Also, titration of the
hnRNP A18 RRM into TRX-19 produced changes in the 1H 1D spectra of TRX-19. While the
TRX-19 does not contain the entire hnRNP A18 mRNA consensus sequence, the interaction
suggests the potential for interaction between the hnRNP A18 RRM and TRX-19 outside of the
conserved RNP sequences (Figure 1.1) sequences and potentially global conformational in the
hnRNP A18 RRM changes upon interaction with TRX-19. Investigation of this interaction may
explain why Chembridge 7646184, Chembridge 6823240, and VITAS STK508411 disrupt hnRNP
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A18 interaction with target mRNAs despite the fact no spectral perturbations are observed within
the RNPs (Figures 4.3, 4.4, 4.5). Also, the compounds presented here as well as future compounds
that improve upon specificity, in vivo stability, and binding affinity should be investigated in the
presence of hnRNP A18 post-translational modifications such as phosphorylation by CK-2 and
GSK-3β, and methylation by PNMT-1. The specified post-translational modifications dictate the
cellular location, impact protein-protein interactions, and increase the strength of the interaction
between hnRNP A18 and target mRNAs. A more thorough investigation of hnRNP A18 with posttranslational modifications will give greater insight into the true method of interaction between
hnRNP A18 and the target compounds intracellularly.
Ultimately, these investigations between hnRNP A18, mRNA, and small molecule inhibitors
may also explore crucial areas of RBP biology pertinent to RBP promotion of pathological states
such as cancer and neurodegenerative disorders. A greater understanding in RBP biology will
enable a greater understanding of the processes that drive pathological states so that they can be
exploited for therapeutic advantage.
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Figure 4.6 hnRNP A18 RRM titration with TRX-19 mRNA. The hnRNP A18 RRM is at 60 μM
(black). 15 μM TRX-19 (1:4) mRNA : protein is in blue. 30 μM TRX-19 (1:2) mRNA : protein is
in red. 60 μM TRX-10 (1:1) mRNA : protein is in orange. 120 μM TRX-19 (2:1) mRNA: protein
is in green.
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Figure 4.7 Titration of the hnRNP A1 RRM into TRX-19 mRNA. 60 μM TRX-19 had the
hnRNP A18 RRM titrated into it. The control, TRX-19 alone, is in black. Green represents a 2:1
ratio of TRX-19 to the hnRNP A18 RRM. Red is a 1:1 ratio of TRX-19 to the hnRNP A18
RRM. Blue is a 1:2 ratio of TRX-19 to the hnRNP A18 RRM.
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Appendix A Purification Protocols
Purification of the hnRNP A18 RRM (A18N)
Note: this protocol if for the hnRNP A18N (N-terminus) RRM; it is NOT for the full length
hnRNPA18 or hnRNP A18 phosphomimetic mutant constructs. Also, grow cells according to
minimal media protocol.

Table A1. Buffer Stocks for hnRNP A18 RRM purification
Ni Column Buffer A
(4X Stock)
80 mM Tris, pH 7.4
20 mM Imidazole
2 M NaCl

Ni Column Buffer B
(1X Stock)
20 mM Tris, pH 7.4
2 M Imidazole
0.5 NaCl

Purification Day 1 Preparation
1. Prior to lysis of cell pellets, obtain the total weight of the cell pellets (e.g. 25g) and multiply
this by 5 to determine the mL of 1X Ni Column Buffer A that the cell pellet will be
resuspended in (e.g. 25g of pellet x 5 mL/g of pellet = 125 mL).
____ g of pellet x 5 mL/g of pellet = ____ mL Ni Column Buffer A for pellet resuspension
2. Calculate the amount of lysozyme for the lysis (0.08 mL/g of pellet; example: 25 g of pellet
x 0.08 mL/g of pellet = 2mL of 10 mg/mL lysozyme stock prepared fresh). Prepare the 10
mg/ mL lysozyme stock fresh just prior to lysis.
____ g of pellet x 0.08 mL/g of pellet = ____ mL of lysozyme 10 mg/mL stock
3. Calculate the amount of AEBSF (0.5 mM final concentration) (protease inhibitor) required
for the resuspension solution.
____ mL of Ni Column Buffer A for pellet resuspension x 0.125 mg of AEBSF/mL of Ni
Column Buffer A = ___ mg of AEBSF
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4.

Prepare 1X of Ni Column Buffers A using the following:
____ mL of 1X Ni Buffer A from part 1 (resuspension) + 300 mL of 1X Ni Buffer A = ____
total mL of Ni Buffer A needed for prep

5. Prepare the following for the Ni column washes:

Table A2. Column Washes to Prepare for Ni
Purification
1X Ni Buffer A (5
[Imidazole] (mM)
mM
Imidazole)
(mL)
5
50
50
48.75
80
48
100
47.5
500
37.5

Column on First Day of hnRNP A18 RRM
Ni Buffer B (2M
Total Volume (mL)
Imidazole) (mL)
0
1.25
2
2.5
12.5

50
50
50
50
50

Purification Day 1
1. Resuspend the cell pellets on ice in the appropriate amount of 1X Ni Column Buffer A. Add
lysozyme and AEBSF (as calculated in Purification Day 1 Preparation) to pellets as soon as
possible after addition of lysis buffer to cell pellets. Stir pellets on ice until fully solubilized.
a. Note: remember to take a sample of this lysis solution as the post induction sample for
the gel.
2. Once pellets are completely resolubilized, sonicate resuspended pellets for 5 seconds on, 15
seconds off with 3 minutes total processing time (sonicator program 9) on ice using the
sonicator cups.
3. Spin down the sonicated cell pellets for 45 minutes at 18,000 x g (12,500 RPM) in 4 oC.
4. Separate the lysis supernatant from the lysis pellet.
a. Take gel samples of the lysis supernatant and lysis pellet for gel analysis.
5. Filter the lysis supernatant through a 0.45 μM (yellow filter) filter using a plastic syringe.
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6. Equilibrate the 10 mL Ni Sepharose column with 5 CVs (50 mL) of 1X Ni Column Buffer A.
7. Apply the filtered lysis supernatant to the equilibrated Ni sepharose column and collect the
flow through.
a. Take gel sample of the flow through.
8. Wash column with 50 mL of the 5 mM (1X Ni column buffer A), 50 mM, 80 mM, 100 mM,
and 500 mM Imidazole washes prepared in the table of Purification Day 1 Preparation. Collect
each wash as a single fraction.
a. Take gel samples of each wash for gel analysis.
9. Analyze Fractions by gel to determine which washes will be dialyzed against 4L of 20 mM
Tris pH 7.5, 0.5 M NaCl overnight at room temperature with an aliquot of TEV protease.
a. For the pre-induction and post-induction samples, add 14 uL of samples to the lanes.
b. For the lysis supernatant, lysis pellet, Ni column flow through, and the 5 mM Imidazole
wash add 3 uL to the lane.
c. For the 50 mM, 80 mM, 100 mM, and 500 mM Imidazole washes, add 14 uL to the
lane. Note: added the 50 mM Imidazole wash to remove more impurities observed in
the 80 mM wash.
10. Combine the washes with the A18N construct in it (should be the 80 mM, 100 mM, and 500
mM Imidazole washes). Add an aliquot of TEV protease to the dialysis tubing and dialyze the
supernatant against 4L of 20 mM Tris pH 7.5, 0.5 mM NaCl overnight in 4 oC in 8,000 kDa
mw cut off dialysis tubing. Gel analysis of prep should look similar to the gel in Figure A1.
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Figure A1. Ni column analysis of hnRNP A18 RMM purification. Lanes: 1. Ladder; 2. Lysis
supernatant; 3. lysis pellet; 4. Ni column flow through; 5. 5mM Imidazole Wash; 6. 50 mM
Imidazole wash; 7. 80 mM Imidazole wash; 8. 100 mM Imidazole wash; 9. 500 mM Imidazole
wash.

Purification Day 2 Preparation
1. Prepare Ni Column #2 Buffers according to the following chart:
Table A3. Column Washes to Prepare for Ni Column on Second Day
Purification
1X Ni Buffer A (5 mM Ni Buffer B (2M
[Imidazole] (mM)
Imidazole) (mL)
Imidazole) (mL)
5
125
0
500
37.5
12.5

of hnRNP A18 RRM
Total
(mL)
100
50

Volume

2. Equilibrate 10 mL Ni Sepharose column with 5 CVs (50 mL) of the 1X Ni Buffer A (20 mM
Tris pH 7.4, 0.5 mM NaCl).

Purification Day 2
1. Take gel sample of overnight dialysis supernatant for gel analysis.
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2. Apply the supernatant from the overnight dialysis to the 10 mL Ni sepharose column and
collect the flow through. Note: the cleaved A18N should be in this fraction!
a. Collect a gel sample of the flow.
3. Wash the Ni column with 50 mL of the 1X Ni Buffer A and collect as a single fraction.
a. Collect a gel sample
4. Wash the Ni column with 50 mL of the 500 mM Imidazole wash prepared in the Purification
Day 2 Preparation. Collect this wash as a single fraction.
a. Collect get samples of all fractions.
5. Analyze column washes via gel. Load 14 uL of each sample in the lanes.
6. Collect the fractions that are purest with the A18N in it (e.g., Ni column flow through and the
1X Ni Buffer A fraction) and dialyze against 4L of pure dH2O in 8,000 kDa mw cut off dialysis
tubing for 3 hours at room temperature.
7. Dialyze against 4L again of dH2O over night at room temperature.

Purification Day 3
1. Concentrate the overnight dialysis supernatant with a 3k Da mw centicon to ~3-4 mL. Spin
down centicon at 4,000 RPM for 15 minute increments (or less increments) as needed.
2. Take concentration of the protein using a Bradford assay.
3. Label Eppendorf tubes with the construct, date, concentration, and buffer composition.
4. Aliquot the protein into approximately 0.5 mL aliquots and store in the -80 oC freezer.
5. Gel analysis of pure protein should look similar to the Gel in Figure A2.
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Figure A2. Analysis of hnRNP A18 RRM TEV cleavage and Ni column cleaning. Lanes: 1.
Ladder; 2: pre-TEV cleavage; 3. post-TEV cleavage; 4. Ni column flow through; 5. Wash fraction
1; 6. Wash fraction 2; 7. Wash fraction 3; 8. Wash fraction 4; 9. Elution fraction 1; 10: Elution
fraction 2; 11: Elution fraction 3; 12: Elution fraction 4
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Purification of hnRNP A18 IDD (A18C)
Note: grow cells according to minimal media protocol.
For buffer stocks for A18C prep, refer to Table C1.

Purification Day 1 Preparation
1. Prior to lysis of cell pellets, obtain the total weight of the cell pellets (e.g. 25g) and multiply
this by 5 to determine the mL of 1X Ni Column Buffer A that the cell pellet will be
resuspended

in

(e.g.

25g

of

pellet

x

5

mL/g

of

pellet

=

125

mL).

____ g of pellet x 5 mL/g of pellet = ____ mL Ni Column Buffer A for pellet resuspension
2. Calculate the amount of AEBSF (0.5 mM final concentration) (protease inhibitor) required for
the

resuspension

solution.

____ mL of Ni Column Buffer A for pellet resuspension x 0.125 mg of AEBSF/mL of Ni
Column Buffer A = ___ mg of AEBSF
3.

Prepare

1X

of

Ni

Column

Buffers

A

using

the

following:

____ mL of 1X Ni Buffer A from part 1 (resuspension) + 300 mL of 1X Ni Buffer A = ____
total mL of Ni Buffer A needed for prep
4. Prepare the following for the Ni column elution:
Table A4. Column Washes to Prepare for Ni Column on First Day of A18C Purification
1X Ni Buffer A (5
Ni Buffer B (2M
[Imidazole] (mM)
mM Imidazole)
Total Volume (mL)
Imidazole) (mL)
(mL)
5
50
0
50
40
49
1
50
250
43.75
6.25
50
500
37.5
12.5
50

5. Prepare the following buffers for TEV cleavage and dialysis.
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Table A5. Dialysis buffers for A18C purification.
Dialysis Buffer 1
Dialysis Buffer 2 / NMR Buffer
50 mM acetic acid pH 5.2
50 mM acetic acid pH 5.2
2 mM β-mercaptoethanol

Purification Day 1
1. Resuspend the cell pellets on ice in the appropriate amount of 1X Ni Column Buffer A. Add
lysozyme and AEBSF (as calculated in Purification Day 1 Preparation) to pellets as soon as
possible after addition of lysis buffer to cell pellets. Stir pellets on ice until fully solubilized.
a. Note: remember to take a sample of this lysis solution as the post induction sample for
the gel.
2. Once pellets are completely resolubilized, sonicate resuspended pellets for 5 seconds on, 15
seconds off with 6 minutes total processing time (sonicator program 9) on ice using the
sonicator cups.
3. Spin down the sonicated cell pellets for 45 minutes at 18,000 x g (12,500 RPM) in 4 oC.
1. Separate the lysis supernatant from the lysis pellet.
a. Take gel samples of the lysis supernatant and lysis pellet for gel analysis.
4. Filter the lysis supernatant through a 0.45 μM (yellow filter) filter using a plastic syringe.
5. Equilibrate the 10 mL Ni Sepharose column with 5 CVs (50 mL) of 1X Ni Column Buffer A.
6. Apply the filtered lysis supernatant to the equilibrated Ni sepharose column and collect the
flow through.
a. Take gel sample of the flow through.
7. Wash column with 50 mL of the 5 mM (1X Ni column buffer A), 50 mM, 250 mM, and 500
mM Imidazole washes prepared in the table of Purification Day 1 Preparation. Collect ~12.5
mLs from each wash as a single fraction.
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a. Take gel samples of each wash for gel analysis.
8. Analyze Fractions by gel to determine which washes will be dialyzed against 4L of 20 mM
Tris pH 7.5, 0.5 M NaCl overnight at room temperature with an aliquot of TEV protease.
a. For the pre-induction and post-induction samples, add 14 μL of samples to the lanes.
b. For the lysis supernatant, lysis pellet, Ni column flow through, and the 5 mM Imidazole
wash add 3 uL to the lane.
c. For the 40 mM, 250 mM, and 500 mM Imidazole washes, add 14 uL to the lane.
d. Gel analysis of purification protocol prior to TEV cleaveage should be similar to Figure
A3.
9. Combine the washes with the A18N construct in it (should be the 250 mM and 500 mM
Imidazole washes). Add one Pierce Protease Inhibitor tablet (Thermo #88265) and dialyze
A18C against 4L Dialysis1 buffer at room temperature for at least 2 hours.
10. Add one aliquot of purified TEV protease + 2 mM [final] β-mercaptoethanol to the dialysis
bag and dialyze against 4L Dialysis2/NMR buffer at room temperature overnight. Precipitate
will accumulate in the dialysis bag- this is not unusual.
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Figure A3. Ni Column analysis of A18C prep. Lanes: 1. Ladder; 2. Pre-induction; 3. Postinduction; 4. Lysis supernatant; 5. Lysis pellet, 6. Ni column flow through; 7. 40 mM Imidazole
fraction 1; 8. 40 mM Imidazole fraction 2; 9. 40 mM Imidazole fraction 3; 10. 40 mM Imidazole
fraction 4; 11: 250 mM Imidazole fraction 1; 12: 250 mM Imidazole fraction 2; 13: 250 mM
Imidazole fraction 3; 14: 250 mM Imidazole fraction 4
Purification Day 2
1. Remove aliquot of dialysis buffer for TEV cleavage product analysis.
2. Transfer the TEV-cleaved MBP-A18c to a clean 250 ml Erlenmeyer flask.
Use 5-10 ml of dialysis buffer to rinse precipitate from the dialysis bag and add to the rest.
Boil for 10-15 minutes. The solution should turn to a milky white. Cool the solution quickly
on ice, but for no more than 30 seconds. Remember that A18c is unstable at low
temperature, so you want to cool only long enough to drop the temperature to
approximately room temperature.
3. Pellet the precipitate by centrifugation at 4,000 x g at room temp for 5 minutes.
Transfer the supernatant to a new tube and add 1⁄4 Protease Inhibitor tablet.
One the table has dissolved, filter the supernatant through a 0.22 μm syringe filter into a
new 50 ml conical tube.
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a. Remove an aliquot to run on SDS-PAGE as boiled supernatant (purified protein).
Remove a small sample of precipitate to run on SDS-PAGE as the boiled pellet.
4. Concentrate protein with an appropriate centrifugal concentrator (Amicon Ultra-15 3K).
Check protein concentration by Bradford assay.
5. Gel analysis of protein purification should be similar to that as seen in Figure A4.
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His6-MBP-A18C
His6-MBP

A18C

Figure A4. A18C TEV cleavage, boiling, and concentration analysis. Lanes: 1. Ladder; 2. PreTEV cleavage; 3. Post-TEV cleavage; 4. Post-centrifuge supernatant; 5. Concentrated A18C 5 μL;
6. Concentrated A18C 10 μL; 7. Concentrated A18C 14 μL.
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His6A18 Purification
Purification Day 1 Preparation
1. Prior to lysis of cell pellets, obtain the total weight of the cell pellets (e.g. 25g) and multiply
this by 5 to determine the mL of lysis buffer that the cell pellet will be resuspended in (e.g.
25g of pellet x 4 mL/g of pellet = 100 mL).
____ g of pellet x 4 mL/g of pellet = ____ mL lysis buffer for pellet resuspension
2. Prepare the following for the Ni column elution:
Note: All buffers are 20 mM Tris pH 7.4 with 0.5 M NaCl. First buffer in Table C6 is for
pellet resuspension. Also, the dialysis buffers are 1.1X buffers for NMR.

Table A6. Buffers, column washes, etc. to prepare for His6A18 purification.
Mass
Vol of 1 M Vol of 5 M
[Imidazole]
[Urea]
Mass
Imidazole
Tris stock NaCl stock
(mM)
(M)
Urea (g)
(g)
(mL)
(mL)
5
0.034
6
36.0
2
10
5
0.068
2
24.0
4
20
30
0.010
2
6.0
1
5
80
0.27
2
6.0
1
5
100
0.34
2
6.0
1
5
500
1.70
2
6.0
1
5

Table A7. Dialysis buffers for His6A18 purification.
[acetic
mL of conc.
[EDTA]
pH
acid] (mM)
Acetic acid (mL)
(mM)
55.56
5.2
13.5
1.1
55.56
5.2
13.5
0.11

Mass of
EDTA (g)
1.3
0.13

Total
Volume
(mL)
100
200
50
50
50
50

Total
Volume (L)
4
4

Purification Day 1
1. Resuspend the cell pellets on ice in the appropriate amount of resuspension buffer (Buffer 1 in
Table C6) 20 mM Tris pH 7.4, 0.5 M NaCl, 5 mM Imidazole, and 6 M Urea.
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b. Note: remember to take a sample of this lysis solution as the post induction sample for
the gel.
2. Once pellets are completely resolubilized, sonicate resuspended pellets for 5 seconds on, 15
seconds off with 3 minutes total processing time (sonicator program 9) on ice using the
sonicator cups.
3. Spin down the sonicated cell pellets for 45 minutes at 18,000 x g (12,500 RPM) in 4 oC.
4. Separate the lysis supernatant from the lysis pellet.
a. Take gel samples of the lysis supernatant and lysis pellet for gel analysis.
5. Filter the lysis supernatant through a 0.45 μM (yellow filter) filter using a plastic syringe.
6. Equilibrate the 5 mL Ni Sepharose column with 5 CVs (25 mL) of Buffer 2 from Table C6 (20
mM Tris pH 7.4, 0.5 M NaCl, 5M Imidazole, and 2M Urea.
7. Apply the filtered lysis supernatant to the equilibrated Ni sepharose column and collect the
flow through.
a. Take gel sample of the flow through.
8. Wash column with 25 mL of the 5 mM, 30 mM, 80 mM, 100 mM, and 500 mM Imidazole
washes prepared in the table of Purification Day 1 Preparation. Collect each wash as a single
fraction.
a. Take gel samples of each wash for gel analysis.
9. Analyze Fractions by gel to determine which washes will be dialyzed against 4L of 55.56 mM
acetic acid pH 5.2, 0.1 mM EDTA overnight at room temperature with a Pierce Protease
Inhibitor tablet (Thermo #88265).
a. For the pre-induction and post-induction samples, add 14 μL of samples to the lanes.
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b. For the lysis supernatant, lysis pellet, Ni column flow through, and the 5 mM Imidazole
wash add 3 uL to the lane.
c. For the 5 mM, 30 mM, 80 mM, 100 mM, and 500 mM Imidazole washes, add 14 uL
to the lane.
10. Combine the washes with the His6A18 construct in it (should be the 80 mM, 100 mM, and 500
mM Imidazole washes).
11. Dialyze against fractions with His6A18 against 4L of 55.56 mM acetic acid pH 5.2 and 0.11
mM EDTA for 4 hours at room temperature and then dialyze against a 2 nd 4L of 55.56 mM
acetic acid pH 5.2 and 0.11 mM EDTA. Note: precipitation will form. The precipitation will
contain impurities, but also may contain the protein of interest. To decrease His6hnRNP A18,
use left over 2M, 5 mM, 20 mM Tris pH 7.4 with 0.5 M NaCl fraction to double the volume
of the supernatant for dialysis.
12. Filter dialysis supernatant through a 0.2mM syringe filter and concentrate with 10k Da mw cut
off centicon. Must concentrate at >25 ºC or protein will precipitate. Perform Bradford to
determine protein concentration. If you do not filter the protein before and after concentration,
it will slowly aggregate and precipitate out of solution over time.
13. Gel analysis of protein purification should be similar to as observed in Figure A5.
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Figure A5. Analysis of His6A18 Ni Column. Lanes: 1. Ladder; 2. Lysis supernatant; 3. Lysis
pellet; 4. Ni column flow through; 5. 5mM Imidazole wash; 6. 30 mM Imidazole wash; 7. 80 mM
Imidazole wash; 8. 100 mM Imidazole wash; 9. 500 mM Imidazole.
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hnRNP A18 (Untagged) Purification
Note: This purification only worked once for the directly transformed cells with the hnRNP A18
cells. None of the preps with cells from my glycerol stocks worked. If someone attempts to repurify this protein, they should start with a fresh transformation and expression test (as someone
always should with a new construct in their hands…;) ) ALSO EVERYTHING IN THIS PREP
SHOULD BE DONE AT ROOM TEMPERATURE (IDEALLY >25 ºC) UNLESS THE
PROTEIN IS IN SOLUTION WITH UREA OR IT WILL PRECIPITATE OUT.
Purification Day 1 Preparation
1. Prior to lysis of cell pellets, obtain the total weight of the cell pellets (e.g., 25g) and multiply
this by 5 to determine the mL of lysis buffer that the cell pellet will be resuspended in (e.g.
25g of pellet x 4 mL/g of pellet = 100 mL).
____ g of pellet x 4 mL/g of pellet = ____ mL lysis buffer for pellet resuspension
2. Prepare the following buffers for the CM and SP columns:
Note: All buffers are 20 mM Tris pH 7.4 with 2M urea except for the first buffer, which is
for pellet resuspension. Also, may need to make more than the first solution calls for
depending on pellet size

Table A8. Buffers, column washes, etc. to prepare for hnRNP A18 CM column.
Vol of 5M
Vol of 1 M
Total
[NaCl]
[Urea]
Mass
NaCl
Tris stock
Volume
(mM)
(M)
Urea (g)
(mL)
(mL)
(mL)
0
0
6
18.0
1
50
0
0
2
6.0
1
50
50
0.25
2
3.0
0.5
25
100
0.5
2
3.0
0.5
25
150
0.75
2
3.0
0.5
25
200
1
2
3.0
0.5
25
250
1.25
2
3.0
0.5
25
500
2.5
2
3.0
0.5
25
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Table A9. Buffers, column washes, etc. to prepare for SP column.
Vol of 5M
Vol of 1 M
Total
[NaCl]
[Urea]
Mass
NaCl
Tris stock
Volume
(mM)
(M)
Urea (g)
(mL)
(mL)
(mL)
0
0
2
12.0
2
100
50
0.5
2
6.0
1
50
100
1
2
6.0
1
50
150
1.5
2
6.0
1
50
200
2
2
6.0
1
50
250
2.5
2
6.0
1
50
500
5
2
6.0
1
50

Table A10. Dialysis buffers for hnRNP A18 purification.
[acetic
mL of conc.
[EDTA]
pH
acid] (mM)
Acetic acid (mL)
(mM)
55.56
5.2
13.5
1.1
55.56
5.2
13.5
0.11

Mass of
EDTA (g)
1.3
0.13

Total
Volume (L)
4
4

Purification Day 1
14. Resuspend the cell pellets on ice in the appropriate amount of resuspension buffer (Buffer 1 in
Table C8) 20 mM Tris pH 7.4, 0 M NaCl, and 6 M Urea.
c. Note: remember to take a sample of this lysis solution as the post induction sample for
the gel.
15. Once pellets are completely resolubilized, sonicate resuspended pellets for 5 seconds on, 15
seconds off with 3 minutes total processing time (sonicator program 9) on ice using the
sonicator cups.
16. Spin down the sonicated cell pellets for 45 minutes at 18,000 x g (12,500 RPM) in 4 ºC.
17. Separate the lysis supernatant from the lysis pellet.
a. Take gel samples of the lysis supernatant and lysis pellet for gel analysis.
18. Filter the lysis supernatant through a 0.45 μM (yellow filter) filter using a plastic syringe.
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19. Equilibrate the 5 mL CM Sepharose column with 5 CVs (25 mL) of Buffer 2 from Table C8
(20 mM Tris pH 7.4, 0 M NaCl, and 2M Urea).
20. Apply the filtered lysis supernatant to the equilibrated CM sepharose column and collect the
flow through.
a. Take gel sample of the flow through.
21. Wash column with 25 mL of 0, 50, 100, 150, 200, 250, and 500 mM NaCl washes prepared in
Table C8. Collect each wash as a single fraction.
a. Take gel samples of each wash for gel analysis.
22. Analyze Fractions by gel to determine which washes will be applied to a 10 mL SP column
equilibrated with 5 CVs (50 mL of Buffer 1 from Table C9).
a. For the pre-induction and post-induction samples, add 14 uL of samples to the lanes.
b. For the lysis supernatant, lysis pellet, CM column flow through, and the 0 mM NaCl
wash add 3 μL to the lane.
c. For the 50, 100, 150, 200, 250, and 500 mM NaCl washes, add 14 μL to the lane.
23. Combine the washes with the hnRNP A18 construct in it (should be the CM column flow
through, 0 mM NaCl, and 50 mM NaCl washes)
24. Equilibrate the 10 mL SP Sepharose column with 5 CVs (50 mL) of Buffer 1 from Table C9
(20 mM Tris pH 7.4, 0 M NaCl, and 2M Urea).
25. Apply the washes with hnRNP A18 from the CM sepharose column to the equilibrated SP
sepharose column and collect the flow through.
a. Take gel sample of the flow through.
26. Wash column with 50 mL of 0, 50, 100, 150, 200, 250, and 500 mM NaCl washes prepared in
Table C9. Collect each wash as a single fraction.
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a. Take gel samples of each wash for gel analysis.
27. Analyze Fractions by gel to determine which washes will be dialyzed against 50 mM acetic
acid pH 5.2 overnight.
a. For the CM fractions with hnRNP A18 and 0, 50, 100, 150, 200, 250, and 500 mM
NaCl washes, add 14 μL to the lane.
b. Gel analysis of purification thus far should be like that as observed for Figures A6 and
A7.
28. Combine the fractions with hnRNP A18 from the SP Sepharose column (should be the 500
mM NaCl wash) and add one Pierce Protease Inhibitor tablet (Thermo #88265). Prepare 2x4L
of 55.56 mM Acetic acid pH 5.2 (13.6 mL of glacial acetic acid in 5L of deionized water) and
add a Pierce Protease Inhibitor tablet (Thermo #88265) to the first dialysis buffer.
29. Dialyze overnight at room temperature against the first 4L of 55.56 mM acetic acid pH 5.2.
Note: if room temperature is below 25 ºC, heat dialysis solutions on hot plate to 25 ºC.

Purification Day 2
1. Dialyze against second 4L of 55.56 mM acetic acid pH 5.2 at room temperature or 25 ºC (which
every is greater).
2. Filter dialysis supernatant through a 0.2mM syringe filter and concentrate with 10k Da mw cut
off centicon. Must concentrate at >25 ºC or protein will precipitate. Perform Bradford to
determine protein concentration. If you do not filter the protein before and after concentration,
it will slowly aggregate and precipitate out of solution over time.
3. Store protein on bench top. If kept at pH 5.2, will keep for weeks.
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Figure A6. CM Column purification of hnRNP A18. Lanes: 1. Ladder; 2. Pre-induction; 3. Lysis
supernatant; 4. Lysis pellet; 5. CM column flow through; 6. 0 mM NaCl wash; 7. 50 mM NaCl
wash; 8. 100 mM NaCl wash; 9. 150 mM NaCl wash; 10. 200 mM NaCl wash; 11. 250 mM NaCl
wash; 12. 500 mM NaCl wash; 13. 2M NaCl wash.
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Figure A7. SP Column purification of hnRNP A18. Lanes: 1. Ladder; 2. CM column fractions
with hnRNP A18; 3. SP column flow through; 4. 0 mM NaCl wash; 5. 50 mM NaCl wash; 6. 100
mM NaCl wash; 7. 150 mM NaCl wash; 8. 200 mM NaCl wash; 9. 250 mM NaCl wash; 10. 500
mM NaCl wash; 13. 2M NaCl wash.
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Appendix B. Detailed Instructions for hnRNP A18 & CK-2 Phosphorylation Assay Sample
Prep
Preparation of the hnRNP A18 sample for CK-2 phosphorylation is incredibly tricky and
often requires the prep of multiple samples to produce one good sample. On average, three samples
were prepared for each experiment and two of the samples precipitated out. Below are a set of
detailed instructions based on multiple rounds of sample preparation optimization. Prior to sample
preparation, the concentrated hnRNP A18 should have been filtered through a 0.2 μM syringe filter
and stored at room temperature or 25 ºC. General conditions for the reaction are: 50 mM acetic
acid pH 5.8, 10 mM MgCl2, 0.1 mM EGTA, 2 mM DTT, 1.3 mM ATP, and 10% D2O. Typically
these are prepared as a 300 μL sample for a Shigemi tube. Scaling up the reaction has been
challenging and sample preparation for that volume has currently not been optimized.

Sample Preparation Steps
1. Incubate the protein for the sample at approximately 27-30 ºC on heat block prior to
preparation for at least 15 minutes.
2. Add EGTA (if not in protein buffer), MgCl2, DTT, and D2O to sample. Incubate for another
15 minutes to bring to temperature. Note: should be making sure that sample is regularly
incubated on heat block to keep in optimal temperature range.
3. Adjust pH of sample to approximately pH 5.6-5.8. pH will drop when ATP is added and if
pH drops too low, protein will precipitate out of solution. At that point, the sample cannot
be saved.
4. Add ATP to sample in 3 aliquots (each aliquot being ~ 0.5 mM). After adding each aliquot,
place the sample back on the heat block. Add each aliquot slowly and thoroughly mix after
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addition. Solution may become slightly turbid. Too much ATP at once will cause the
protein to precipitate out of solution. However, solution should clear as protein is placed
back on incubation block and allowed to come to temperature. Repeat this process for all
3 aliquots of ATP.
5. Adjust final pH of solution to pH 5.8 after addition of ATP aliquots.
6. Keep sample on heat block until movement to the NMR center. Make sure to keep sample
insulated during transport and to place back on a heat block once at the NMR center. It is
suggested to transport the sample in an Eppendorf tube in the green lunch bag typically
meant for NMR samples. Keeping the sample in the Eppendorf tube will leak less heat than
transportation of the sample in an NMR tube.
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