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Two Chemical Biology Strategies to Interrogate DEAD-Box Proteins 

Megan Moore 

Abstract 
 

            As mRNA translation is an energetically costly and crucial operation, cells have developed 

a plethora of mechanisms to regulate protein production at the post-transcriptional level, 

controlling initiation and elongation as well as mRNA stability to finely tune translation. In yeast, 

the DEAD-box protein Dhh1 has been implicated in coordinating translational repression and 

mRNA decay as a sensor of codon optimality but the exact molecular mechanism and whether this 

is recapitulated in mammalian cells through the homologue DDX6 still remain unclear.  We are 

developing a chemical genetic inhibition strategy to elucidate the functions of DDX6 as well as 

other DEAD-box proteins using small molecules that covalently bind an engineered cysteine in 

the enzyme active site. This approach provides improved temporal and dosing control compared 

to traditional genetic methods. The latest efforts on this project aim to improve upon the first 

generation of probes, to discover new small molecule scaffolds, and to develop tools to monitor 

the probe’s efficacy in cells. 

            Dysregulated protein synthesis is also a hallmark of many diseases, including cancer. The 

natural product Rocaglamide A (RocA) targets the DEAD-box protein eIF4A to selectively inhibit 

translation initiation on mRNAs with long, structured 5’-UTRs, including many oncogenes. We 

hypothesize that dimerizing RocA to add a layer of cell specificity through cellular uptake by 

IFITM proteins could “tune” the effects of such a potent molecule and broaden its therapeutic 

index by decreasing on target, off tumor side effects. 
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Introduction: Perspective on targeting DEAD-Box Proteins 
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Abstract 

DEAD-Box proteins are a large, conserved family of RNA helicases that modify RNA 

secondary structure and RNA-protein complexes. These proteins perform essential roles 

throughout RNA metabolism and are frequently implicated in a variety of diseases but have thus 

far been difficult to study with traditional genetic methods. Chemical genetic tools offer a more 

promising strategy to uncover these proteins functions and identify potential druggable targets but 

these methods still require further development. DDX6 is a mammalian DEAD-Box protein that 

would be an ideal candidate for further study, as its yeast homolog Dhh1 has been implicated as a 

sensor of codon optimality in mRNA translation but it has been more difficult to study DDX6 in 

its native context. Additionally, the DEAD-Box protein eukaryotic initiation factor-4A (eIF4A) is 

another exciting target. eIF4A plays an essential role in the translation initiation of many 

oncogenes and has several known small molecule inhibitors with intriguing gain-of-function 

effects that can act as a scaffold off of which to build functionalities that modify translation 

inhibition selectivity. 

 

Introduction 

Cells must maintain strict control of protein synthesis to regulate cell growth and division; 

dysregulation of these systems can result in the rapid growth and proliferation that is a hallmark 

of cancerous cells (Averous & Proud, 2006). The complex roles played by RNA in this process 

are still being fully appreciated, from transcription and splicing in the nucleus to export and 
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translation to sequestration and eventual decay to all the less well elucidated regulatory roles of 

diverse, noncoding RNAs. 

DEAD-Box Proteins 

Control at the RNA level stems in large part from post-transcriptional gene regulation 

through the coordination of mRNA translation and decay pathways (Jacobson et al, 1996). An 

important but understudied family of proteins that plays key roles throughout these processes is 

the ATP-dependent, RNA-binding DEAD-Box proteins (Dbp), as seen in Figure 1.1. These 

proteins are canonically known for their non-translocatory RNA duplex unwinding activity (Liu 

et al, 2008; Chen et al, 2008) but have been more broadly described as RNA chaperones 

(Jankowsky & Bowers, 2006), locally unwinding secondary structure and acting as a scaffold to 

disrupt or promote assembly of other RNA-binding proteins (RBP). Dbps are highly conserved 

across eukaryotes, with approximately 38 proteins identified in Homo sapiens, less than double 

the number found in Saccharomyces cerevisiae (Linder & Jankowsky, 2011), which contrasts 

highly to enzyme families like kinases, which tend to be greatly expanded in higher eukaryotes. 

Current genetic methods (Ran et al, 2013), such as knockouts, are not sufficient to interrogate 

DEAD-box proteins because they are often essential. Moreover, the lack of temporal resolution in 

knockout models can lead to downstream effects that make it difficult to deconvolute the results 

and determine the primary function of the protein. Dbps often appear to play multiple or 

overlapping roles (Jamieson & Beggs, 1991; Linder & Jankowsky, 2011; Galicia-Vázquez, 2012), 

which can lead to compensation over the timescale necessary to validate genetic methods. 

Pharmacological inhibition offers tight temporal control over experiments, allowing for precise 

interrogation of this pathway. However, the few well-studied Dbp inhibitors are specific to the 
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protein eIF4A and act allosterically, prohibiting their use as generalizable tools to study other 

Dbps. In addition, the ATP binding pocket is highly conserved across DEAD-box proteins (Schütz, 

2010), making it difficult to achieve selectivity for a single Dbp. The second chapter of this thesis 

focuses on a chemical genetic strategy to develop electrophilic inhibitors specific to “electrophile-

sensitive” versions of Dbps, with the goal of creating a platform that overcomes the difficulties of 

pure genetic strategies to study Dbps of interest (Knight & Shokat, 2007; Floor et al, 2016; 

Barkovich et al, 2018; Figure 1.3). 

The Role of DDX6 

As translation is one of the oldest (Lee et al, 1999) and most energetically costly cellular 

processes (Warner, 1999), cells also face strong selective pressure to maintain tight control over 

this system to ensure fitness (Figure 1.2). The 3’-untranslated region (UTR) of mRNAs has been 

shown extensively to play a role in regulation of mRNA decay through microRNA (miRNA) and 

RNA-binding protein sites (Bartel, 2009; Shyu et al, 1991; Geisberg et al, 2014) and the 5’-UTR 

is known to be involved in translation initiation as well as degradation (Wilkie et al, 2003). Until 

recently, the coding sequence was thought of solely as storing the protein encoding information. 

However, the coding sequence itself has now been shown to play a role in regulation in a number 

of organisms (Presnyak et al, 2015; Harigaya et al, 2016; Boël et al, 2016; Bazzini et al, 2016). 

This process appears to be regulated to varying extents in different organisms by codon optimality 

and amino acid identity (Forrest et al, 2018). A direct correlation between codon optimality and 

sequence half-life has been demonstrated (Hanson & Coller, 2018), but the molecular mechanism 

of this relationship is yet to be fully elucidated. 
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The DEAD-box protein DDX6 and its yeast homolog, Dhh1, are known to function in both 

translation and degradation of mRNA (Carroll et al, 2011; Presnyak & Coller, 2013). Dhh1 has 

been shown to couple these two processes in yeast to lead to increased degradation of mRNAs 

(Radhakrishnan et al, 2016) with lower codon optimality (Figure 1.4) but DDX6 partially rescues 

Dhh1 deletion (Westmoreland et al, 2003) and has thus far only been implicated in translational 

repression (Freimer et al, 2018). It remains an open question whether DDX6 recapitulates the role 

of Dhh1 as a sensor of codon optimality or if this process occurs via another mechanism in 

mammalian cells. The second chapter of this thesis also discusses development of cell lines and 

reporters with the goal of combining the electrophile-sensitive inhibition approach with other 

chemical genetic tools to examine the mechanism of codon optimality sensing in humans and 

better study the various roles of DDX6. 

Targeting eIF4A 

            Although most Dbps lack well-characterized tool compounds that could be used to study 

them, the protein eIF4A is an exception as it is the target of several structurally unrelated families 

of natural products (Bordeleau et al, 2008; Lindqvist et al, 2008; Iwasaki et al, 2018) and is 

considered a potential therapeutic candidate (Wolfe et al, 2014). The third chapter of this thesis is 

a preprint of a manuscript to be submitted for publication and describes our work modifying a 

small series of these inhibitors to better understand how their specificity can be modulated. 

Recent years have expanded the concept of how a drug-like molecule looks (Lou et al, 

2022). Up until lately, modern drug discovery was primarily characterized by molecules that 

followed guidelines like Lipinski’s rule of five (Lipinski et al, 2001) to achieve bioavailability and 

permeability, despite the fact that many natural products deviate dramatically from these rules. As 
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the variety of proteins targeted by drug campaigns has expanded, new mechanisms of action have 

also come under investigation. Molecular glues and bifunctional molecules offer avenues to 

stabilize or create novel interfaces between biological macromolecules, as typified by proteolysis-

targeting chimeras (PROTACs), which induce targeted protein degradation by bringing an E3 

ligase in proximity to a protein of interest and ubiquitinating it (Békés et al, 2022). 

Targeting protein synthesis offers another mechanism to deplete levels of proteins of 

interest and can take advantage of the many nodes of post-transcriptional gene control. Cancer 

cells in particular become dependent on aberrant mRNA translation for their survival and 

unchecked proliferation (Ruggero & Pandolfi, 2003; Ruggero et al, 2004; Hsieh et al, 2012) so 

targeting translation potentially opens an avenue to minimize on-target, off-tumor toxicity. 

Translation initiation is typically the rate-limiting step in translation and has shown a greater 

therapeutic index than most translation elongation inhibitors, which makes translation initiation a 

promising area for drug development. The assembly of several eukaryotic initiation factors (eIFs) 

into the eIF4F complex on the mRNA 5’-untranslated region (5’-UTR) is a critical step for cap-

dependent translation to allow the 43S ribosome pre-initiation complex (43S PIC) to scan through 

the 5’-UTR uninhibited until it reaches the start codon (Pelletier et al, 2015). eIF4A is an ATP-

dependent DEAD-box RNA-binding protein (RBP) that belongs to the eIF4F complex and locally 

unwinds RNA duplexes (Parsyan et al, 2011), which is essential for the 43S PIC to scan through 

mRNAs with long, highly structured 5’-UTRs (Wolfe et al, 2014).  

Several classes of natural products target eIF4A, including rocaglates, which are typified 

by the molecule rocaglamide A (RocA). RocA has an intriguing mode of action, stabilizing the 

interaction between eIF4A and mRNA to form a ternary complex (Iwasaki et al, 2019). This 

inhibition acts as a gain of function, effectively halting translation initiation and trapping eIF4A 
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on A- and G-rich mRNA sequences through pi-pi stacking interactions with the purine rings. This 

sequence specificity makes RocA a semi-selective translation inhibitor that is highly potent against 

many cancer lines. RocA inhibits the translation of many oncogenes, such as KRAS, CYD1, and 

CMYC, that have long structured 5’-UTRs with polypurine tracts (Iwasaki et al, 2016). A clinical 

candidate based on the RocA scaffold with improved PK/PD properties is currently in combined 

Phase I/II clinical trials for breast and KRAS-mutant cancers (eFFECTOR; Ernst et al, 2020).  

Other natural and synthetic members of the rocaglate family act very similarly to RocA, 

with either a polypurine or no sequence preference (Chu et al, 2020), suggesting that traditional 

medicinal chemistry approaches modifying functional groups on the core scaffold would have 

negligible improvements on the molecule’s potency and specificity. Recent work has broadened 

our understanding of the role of eIF4A, demonstrating that it multimerizes on RNA to unwind 

duplexes in vitro (Schmidt et al, 2023) and has been found bound to 5’-UTRs outside of the eIF4F 

complex along the mRNA binding channel of the 40S ribosomal subunit (Querido et al, 2022). 

This data suggests that multimers of eIF4A could play a role in translation initiation outside of the 

eIF4F complex and are potentially the target of RocA. 

            We hypothesized that dimerizing RocA could take advantage of these recently revealed 

functions by binding to two adjacent eIF4A proteins multimerized on mRNA. We tested this 

homodimeric molecule (BisRoc) see how dimerization of a molecule affected chemical genetic 

interactions, something that has not been directly studied before to our knowledge. In addition, we 

wanted to learn how targeting eIF4A dimers would affect the cellular specificity and potency of 

the molecule. Our work on BisRoc presents a proof-of-concept that RocA can be linked to other 

small molecules and maintain its high potency but gain new behaviors. 
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Figures 
 

 
Figure 1.1 DEAD-Box Proteins (DBPs) play roles throughout RNA metabolism in eukaryotic 
cells. The numbers in each blue box represent estimates of the number of DBPs involved in the 
associated function in human cells. Adapted from Linder & Jankowsky, 2011. 
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Figure 1.2 Correlation between gene and protein expression. Gene expression is not the sole 
determinant of protein expression and the correlation between the two varies widely from gene to 
gene, suggesting that some mRNAs are subject to more post-transcriptional regulation. Figure 
reprinted from Nusinow et al, 2019. 
  



10 
 

 
 
Figure 1.3 Electrophile-sensitive inhibition of DBPs. Chemical genetic methods of inhibition, 
such as substituting a nucleophilic residue in the protein of interest to selectively react with an 
electrophilic probe, offer a modular platform to inhibit and study proteins of interest. 
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Figure 1.4 Dhh1 is a sensor of codon optimality in yeast. mRNAs containing more non-optimal 
codons have a slow rate of elongation during translation, which appears to be sensed by Dhh1. 
More Dhh1 bound to transcripts correlates with lower translation and a higher rate of mRNA 
decay. Adapted from Presnyak et al, 2015. 
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Abstract 

            A chemical genetic platform using covalent complementarity between an electrophilic 

small molecule inhibitor and a nucleophilic mutation in a small molecule binding pocket of the 

protein was developed as a new approach to better interrogate the activity of DEAD-Box proteins. 

The initial inhibitor synthesized in this approach was not cell permeable so more work was done 

to install protecting groups. Additionally, several small molecule screens were conducted to 

discover new inhibitor scaffolds but none were potent enough to warrant further work. CRISPR 

was used to develop cell lines with electrophile-sensitive DEAD-Box proteins and several assays 

were tested to measure inhibitor binding in cells. Finally, it was shown that DDX6 does not cause 

translational repression of mRNAs with non-optimal codons like its homolog Dhh1 and no link 

was found with several other known factors of translational repression and degradation. 

 

 Introduction 

As introduced in Chapter 1, DEAD-Box proteins (Dbps) are the largest family of ATP-

dependent RNA chaperones in humans (Jankowsky & Bowers, 2006). These proteins play crucial 

roles in human health and disease (Linder & Jankowsky, 2011) but most are not well-understood, 

in part because many of these proteins are intractable with traditional genetic approaches. 

Additionally, there are no known small molecule inhibitors of DDX6 and inhibitors of other 

proteins in this family act allosterically (Iwasaki et al, 2016; Ito et al, 2017; Iwatani-Yoshihara et 

al, 2017), prohibiting their use as generalizable tools to study other Dbps. Furthermore, the ATP 

binding pocket is highly conserved across DEAD-box proteins (Schütz et al, 2010), making it 
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difficult to achieve selectivity for a single Dbp. A platform to study these proteins using covalent 

complementarity was initially described in Barkovich et al, 2018. 

Cysteine is the most nucleophilic and second least common of the 20 natural amino acids 

and cysteine-reactive small molecules have been widely studied, including some which are 

clinically approved (Singh et al, 1997). These characteristics make it an ideal candidate to be 

installed as a point mutation in a small molecule-binding pocket of a protein of interest to create 

an “electrophile-sensitive” (ES) mutant (Garske et al, 2011). We previously identified the third 

residue of the P-loop in Dbps as an ideal location to install a cysteine in close proximity to the 

ATP-binding site, the only known, conserved small molecule pocket across the family (Figure 2.1 

A). The protein DDX3 is a representative member of the family. DDX3 plays a role in translation 

initiation and has been implicated in the progression of my diseases, including intellectual 

disabilities and cancer (Lennox et al, 2020; Gadek et al, 2023). An ES version of DDX3, DDX3 

S228C, retained (lowered) enzymatic activity (Figure 2.1 B). AMP is a known inhibitor of Ded1 

(yeast homolog of DDX3) enzymatic activity (Putnam & Jankowsky, 2013) and was thus used as 

a scaffold to append a series of electrophiles. Out of these, AMP-acrylate was the most potent at 

labeling DDX3 and inhibiting enzymatic activity (Figure 2.1 C-D). This electrophile-sensitive 

approach with AMP-acrylate has shown promise but this molecule is highly cell impermeable, 

which greatly limits the range of experiments for which it can be used. Modifications to this 

scaffold to improve its permeability while maintaining potency and selectivity could greatly 

increase the utility of this tool compound, particularly for identifying endogenous substrates and 

functions of Dbps where activity can be disrupted in cell lysates or in vitro systems. 
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One of the initial drivers of this chemical genetic strategy to inhibit DEAD-box proteins 

was the lack of known small molecule inhibitors of this family of proteins. The natural products 

hippuristanol, silvestrol, and rocaglamide (RocA) were identified as inhibitors of the helicase 

eIF4A (Bordeleau et al, 2008; Lindqvist et al, 2008; Wolf et al, 2014; Iwasaki et al, 2018)  and 

RocA has been claimed to inhibit DDX3 to a lesser extent (Chen et al, 2021). However, all of these 

molecules take advantage of cryptic binding sites on eIF4A that precludes them from being useful 

starting points for the development of molecules for broader use in the study of DEAD-box 

proteins. Other inhibitors have been reported in the literature but none of these have been 

successfully reproduced and did not exhibit any inhibition in biochemical assays in our hands 

(Floor et al, 2016). Discovery of new classes of inhibitors of Dbps could provide a starting point 

for a cell permeable probe for our electrophile- sensitive approach as well as molecules of potential 

therapeutic use (Steimer & Klostermeier, 2012; Shadrick et al, 2013).  

A Dbp of particular interest is DDX6, which plays roles in translation repression and whose 

yeast homolog Dhh1 has been shown to act as a sensor of codon optimality (Presnyak et al, 2015). 

DDX6 has no known small molecule inhibitors and has proven difficult to study in its context in 

mammalian cells so new tools are necessary to better understand its functions and substrates 

relative to its homologs. This work describes the development of DDX6 knock-out and 

electrophile-sensitive cell lines, as well as work on in cellulo assays to identify AMP-acrylate 

binding without an enzymatic readout. Additionally, the development of codon optimality 

reporters in human cells provides another tool to test the function of DDX6 and search for other 

proteins that may play roles in codon optimality sensing in humans. 
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The long-term aims of this work are two-fold. The first is to better understand the roles and 

mechanism of DDX6 and how it acts in comparison to Dhh1. The second goal is to further 

development of an electrophile-sensitive inhibition system so it can be broadly applied to elucidate 

the functions of other members of the DEAD-box protein family. The objective of this study is to 

develop a variety of chemical genetic tools to precisely probe potential functions of DDX6 in 

translational repression and mRNA decay more cleanly than the current standard genetic methods.  

 

Results 

X-ray crystallography structure of AMP-acrylamide bound to DDX3ES 

To better understand the binding mode of AMP electrophiles to DEAD-Box proteins, a 

crystal structure of DDX3 S228C bound to AMP-acrylamide was solved to 3 Å resolution (Table 

2.1). Overlaying this structure (5CZ9) with the structure of DDX3 WT bound to AMP (5E7J; Floor 

et al, 2016) showed that the overall protein structure remains the same (Figure 2.2). AMP-

acrylamide was used instead of AMP-acrylate, which undergoes a two-step covalent reaction upon 

binding (Barkovich et al, 2018) to unambiguously resolve electron density for the compound 

bound to protein. AMP-acrylamide could be fit in the ATP-binding pocket and showed a covalent 

bond formed with Cys-228 (Figure 2.2 inset). AMP-acrylamide also maintained hydrogen-bonding 

interactions with the Q-motif and pi-stacking with Tyr-200. The greatest change upon AMP-

acrylamide binding was an observed shifting of the P-loop to accommodate the orientation of the 

covalent bond, which caused Thr-226 to flip up 9.4Å (Figure 2.2 inset). Additionally, the AMP-

acrylamide phosphoramidate is shifted at least 3Å from the site of the AMP phosphate, losing 

some of the electrostatic interactions that the phosphate typically makes with the P-loop. 
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Antiviral protecting group strategy for AMP-acrylates 

            This current generation of Dbp ES probes employed an AMP scaffold because there were 

no other known active site inhibitors of DEAD-box proteins (Floor et al, 2016). However, the 

polar, negatively charged nature of the nucleotide that provides such high affinity for the active 

site also prevents these molecules from being cell permeable, which severely limits the range of 

experiments in which they can currently be employed. The antiviral field has faced similar 

challenges in the development of effective drugs because many of the known small molecule 

inhibitors are nucleoside and nucleotide analogues. This necessitated the development of prodrug 

strategies to improve cellular uptake and potency of such compounds (Pradere et al, 2014), which 

I repurposed to optimize our existing molecules. 

One such strategy is employed by the clinically approved antiviral drugs adefovir and 

tenofovir, which are both similarly based on modified AMP scaffolds. These molecules utilize 

esters that “cage” the phosphate to improve cell permeability and are then cleaved by esterases 

upon uptake into the cell, revealing the phosphate for improved contact with the target. Another 

antiviral, sofosbuvir, makes use of the ProTide (PROdrug + nucleoTIDE) strategy developed by 

Chris McGuigan (Slusarczyk et al, 2018). This approach modifies the phosphate with an aromatic 

ester and a simple amino acid, which are cleaved by esterases and amidases, respectively, upon 

entry into the cell. 

A previous graduate student, Krister Barkovich, appended an acrylate to the adefovir 

scaffold and successfully demonstrated that this new molecule, “adefovir-acrylate,” could label 

DDX3 ES in vitro nearly as fast as the best compound, AMP-acrylate (Figure 2.3 A-B). Based on 

this data and the protecting group used on adefovir, I synthesized a version of adefovir with only 
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one hydroxyl group of the phosphate protected, and then added a methacrylate group to the other 

hydroxyl (Figure 2.3 C). This final product was detected in the reaction mixture by LC-MS but 

unable to be generated and purified in sufficient yield to be carried forward for biological testing. 

Re-purposing kinase inhibitors 

Due to the lack of known promiscuous DEAD-box protein small molecule binders and the 

difficulties encountered by the AMP-based inhibitors, we took a relatively unbiased approach to 

search for new chemical matter by screening inhibitors of related classes of proteins. Other 

ATPases, such as kinases, have thus far been more successfully targeted than helicases and contain 

similar motifs in their ATP-binding pockets that could allow small molecule inhibitors of these 

enzymes to display some promiscuity against DEAD-box proteins. Screening libraries of such 

compounds could aid in finding a cell-permeable scaffold upon which we can append an 

electrophile and modify to improve selectivity for Dbps and weaken affinity for their original 

kinase targets. 

I initially screened the SelleckChem library, which is a curated set of 378 structurally 

diverse and cell permeable kinase inhibitors, most of which are ATP-competitive. Screening for 

binding was conducted by competing these noncovalent inhibitors with one of the current covalent 

inhibitors, AMP-acrylamide, and assessing labeling by whole protein mass spectrometry. This 

method offers several advantages: it is high throughput as compared to available activity-based 

assays, competition with AMP-acrylate ensures that hits are most likely ATP competitive, and the 

assay readout could potentially have a lower false hit rate than certain activity-based assays, such 

as ATPase activity. Labeling of the protein by AMP-acrylamide in the presence of DMSO serves 
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as a negative control for an expected maximal rate of labeling, while AMP, a known inhibitor of 

certain DEAD-box proteins including Ded1, was also competed to provide a positive control.  

This initial assay stratified compounds and those that showed percent labeling two standard 

deviations below the mean were carried forward (Figure 2.4 A). To ensure reproducibility and 

dose sensitivity, this experiment was be repeated with several concentrations of these initial hits 

(12.5-100 μM). Based on this data, six of the initial screen hits (Figure 2.5) were tested to see if 

they stabilized DDX3 by differential scanning fluorimetry (DSF). Four of these compounds 

showed 1-3°C stabilization compared to the apo protein, although no hit stabilized as well as the 

natural inhibitor AMP (Figure 2.4 B-C). Inhibition of helicase activity by the best hits was also 

tested biochemically by a duplex unwinding assay (Jankowsky & Putnam, 2010; Barkovich et al, 

2019). This assay uses a short end-labeled RNA oligonucleotide that hybridizes with a longer 

unlabeled strand. Incubation with a helicase leads to unwinding of the two strands, which can be 

read out by a native gel. Three of the top hits were tested in this assay and demonstrated unwinding 

inhibition (Figure 2.4 D). However, a major caveat of this screening and hit triaging approach was 

that all molecules had to be tested at high micromolar concentrations to see activity in the selected 

assays, which is well above the compound affinities for their intended kinase targets and poses a 

high risk of aggregation. Dynamic light scattering (DLS) is an important counter assay that should 

be used to confirm that inhibition of labeling or enzymatic activity is not simply a result of 

compound aggregation. 

DNA-encoded library screen for new chemical matter 

To continue the search for new scaffolds for Dbp inhibitors, we turned to a DNA-encoded 

library (DEL) screen. DEL uses combinatorial chemistry and DNA-barcoding to generate 
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extremely large libraries of compounds (Mannocci et al, 2011; Yuen & Franzini, 2017). These 

libraries can be screened in a single well, allowing far larger quantities of compounds to be 

screened and requiring fewer reagents than many other high-throughput screening methods. The 

WuXi AppTech DNA-encoded library screened here included approximately 2.8 billion 

compounds (WuXi DELOpen). To search for ATP-competitive binders of ES Dbps, we performed 

the screen against DDX3 S228C D1 (132-406) with three rounds of selection. Only the first domain 

(D1) of the protein was used instead of the longer construct because the second domain (D2) 

contains many of the RNA-binding motifs that could potentially lead to false positives by 

interacting with the DNA barcodes. Additionally, a counter screen was performed with the same 

protein fully labeled by AMP-acrylamide (Figure 2.6 A). By only choosing hits that were enriched 

against the apo protein but not the labeled protein, binders to other parts of the protein (which 

could still be interesting as potential allosteric inhibitors) and the DNA barcodes could be 

eliminated. Following sequencing of the enriched libraries for each condition, 270 molecules 

binding to the apo protein with over 1000-fold enrichment compared to the AMP-acrylamide 

labeled protein were identified. The greatest enrichment identified for a molecule was 60,000-fold. 

The top molecules were also compared to those from a DEL screen performed in tandem against 

the GTPase domain of LRRK2 (unpublished data) and none of the same top molecules were 

enriched in both screens, nor did selected hits from this screen show activity against LRRK2. 

Enriched molecules belonged to several different classes of sub-libraries within the DEL and 5 

representative molecules were chosen for custom off-DNA synthesis to confirm binding. These 5 

molecules were tested in an LC-MS AMP-acrylamide labeling competition assay and an in vitro 

duplex unwinding assay to determine if they inhibited DDX3 helicase activity. One of these 

molecules, 10115-451, showed activity in both assays (Figure 2.6 B-C). However, high 
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micromolar compound concentrations were necessary to observe this activity, which can often 

lead to compound aggregation, particularly in assays without detergent, such as the LC-MS assay. 

Due to their low potency against DDX3 when retested, these compounds were not continued with 

further. Had they appeared more promising, WuXi AppTech would have sent their structures and 

we would have attempted to solve co-crystal structures of the molecules bound to DDX3 to collect 

much structure activity relationship (SAR) data and determine where an electrophile could be 

appended to the scaffold to use these in our covalent complementary approach. 

Generation of electrophile-sensitive DEAD-Box protein cell lines 

            To take advantage of AMP-acrylate as an inhibitor, biological systems expressing 

electrophile-sensitive mutants also needed to be developed. We focused on DDX3 because it was 

a well-behaved model for the family that behaved well in our hands and DDX6 because we felt 

that current genetic tools most used in the field were not sufficient to study its functions in mRNA 

decay. Therefore, these methods to study DDX6 would be well complemented by an electrophile-

sensitive mutant that could be inhibited to varying degrees on a short timescale and would 

deconvolute scaffolding and enzymatic functions of the protein that are both lost with other 

chemical genetic approaches like dTag (Nabet et al, 2018). 

Using CRISPR, I engineered HEK293T cell lines to express an electrophile-sensitive 

mutant of DDX6, T144C (DDX6ES). Given that no suitable Cas9 PAM site exists in the region to 

be mutated, I first knocked out the endogenous DDX6, which is non-lethal in yeast and certain 

mammalian cell lines (Presnyak et al, 2015; Lumb et al, 2017; Freimer et al, 2018) but appears to 

be essential at the organismal level (Karczewski et al, 2019). I selected single cell clones and 

confirmed the knockout by sequencing and western blotting (Figure 2.7 A). The cells displayed 
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no phenotypic change under normal growth conditions and clones #20 and #33 both showed a full 

knockout, while #32 had an in-frame deletion that resulted in only partial knockout. I then 

transfected knockout cells with FLAG-tagged DDX6WT or DDX6ES and used CRISPR to integrate 

these at a safe harbor locus. After selecting for stable transfections and isolating single cell clones, 

sequencing indicated that the DDX6 repair template was not integrated at the safe harbor locus 

and this method was unsuccessful. I instead transduced previously reported TagRFP-T-DDX6 

(RFP-DDX6) and SNAP-DDX6 constructs and was able to generate stable cell lines that expressed 

RFP-DDX6 WT or ES in DDX6 KO lines (Figure 2.7 B). Additionally, the FLAG-tagged DDX6 

(WT and ES) and previously generated FLAG-tagged DDX3 (WT and ES) constructs could be 

used to overexpress DDX6 or DDX3 via transient transfection for other experiments. 

Assay development for detection of AMP-acrylate labeling in cell lysate 

            Given that many Dbps do not display canonical helicase activity in in vitro assays and lack 

robust enzymatic activity assays in cells (Linder & Jankowsky, 2011), I wanted to develop assays 

to measure AMP-acrylamide binding in cell lysate. Such assays would be extremely useful to 

ensure Dbps were fully bound by compound when using this platform to study novel functions of 

these proteins and develop new assays for them, particularly if an LC-MS is not available for 

quantification of labeling. 

I first tested selective labeling of Dbps by AMP-acrylate by competing this probe with N-

propargyl maleimide (NPM), a semi-selective cysteine probe (Wilson et al, 1989; Russell et al, 

2001). NPM can be clicked to TAMRA-N3 and binding of AMP-acrylate can be read out as a 

reduction of in-gel fluorescence. NPM non-selectively labels cysteines in many ATP-binding 

pockets so if AMP-acrylate selectively labels DbpES, I expect competition with AMP-acrylate will 
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cause a reduction in fluorescence of the Dbp band but no change in other bands in a whole cell 

lysate (Figure 2.8 A). NPM successfully competed AMP-acrylate labeling in vitro when tested 

against purified DDX3 ES and Ste13 ES, an S. Pombe ortholog with 83% sequence identity to 

DDX6 (Figure 2.8 B-C). NPM labeling could not be observed by in-gel fluorescence or 

electrophoretic mobility shift assay (EMSA) when tested in lysate but was restored when FLAG-

tagged DDX6 was immunoprecipitated first (Figure 2.8 D-E). However, this assay was not 

particularly robust. 

Cellular thermal shift assay (CETSA) is another option to assay binding of compounds in 

cellular lysate without enzymatic activity (Molina et al, 2013; Jafari et al, 2014). Ligand binding 

typically stabilizes (or sometimes destabilizes) the protein, which can be seen as a change in the 

protein’s melting temperature in cell lysate. I first determined the melting (or aggregation) 

temperature for several Dbps of interest (Figure 2.9). Treatment of AMP-acrylate prior to heating 

lysate showed stabilization of DDX3 ES and destabilization of DDX6 ES but had no effect on 

DDX3 WT or DDX6 WT (Figure 2.10 A-B). However, extremely high concentrations of AMP-

acrylate had to be employed to see stabilization and it could not be replicated every time. Using a 

western blotting readout for CETSA introduces many opportunities for small pipetting errors to 

occur and, after many optimization attempts, we determined that this assay was not robust enough 

in our hands to be used further. 

Screening potential mammalian codon optimality sensors with fluorescent reporters 

            To probe the potential role of DDX6 in sensing codon optimality and causing translational 

repression of transcripts with less optimal codon usage, we designed reporters that expressed 

mCherry and had an internal ribosomal entry site (IRES) before a green fluorescent protein (GFP) 
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construct. Using published codon optimality scores for K562 cells (Wu et al, 2019), we designed 

the mCherry reporters to either use the most optimal codon for each amino acid (OPT) or the least 

optimal codon for each amino acid (NON) (Figure 2.11 A). We used lentivirus to stably integrate 

these reporters into separate K562 CRISPRi cells and sorted each cell line twice to obtain a pure 

population. Stable OPT and NON cell lines were analyzed by flow cytometry (Figure 2.11 B) and 

qPCR (Figure 2.12 C) and showed clear differences in mCherry expression, as expected. 

            We then used lentivirus to knockdown DDX6 in both the OPT and NON cell lines to see 

if mCherry expression of the NON, but not the OPT, reporter changed, which would suggest that 

DDX6 played a role in translational repression of only the de-optimized reporter. We initially saw 

that the mCherry/GFP ratio changed in NON cells with a DDX6 knockdown (Figure 2.12 A-B) 

but not in OPT cells (Figure 2.12 C). However, when we more closely examined mCherry and 

GFP levels separately, we saw that the DDX6 KD led to a slight reduction in GFP expression, 

rather than an increase in mCherry expression as we had hypothesized (Figure 2.12 D-E). We also 

knocked down other genes that have previously been implicated in mRNA decay and translational 

repression in mammalian cells (CNOT3, CNOT6, DCP2, PATL-1) but none of these knockdowns 

displayed an increase in mCherry/GFP expression for the NON reporter that we expected to 

indicate a codon optimality sensor (Figure 2.13). 

 

Discussion  

            This chapter details the ongoing work to develop a covalent complementary inhibition 

strategy that could be used to study electrophile-sensitive versions of Dbps in their endogenous 

context. A new scaffold that bound the ATP-binding site in Dbps could not be identified in a screen 
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of kinase inhibitors of a DEL screen. The top hits from both screens were not pursued after several 

validation assays because they only displayed activity when used in high micromolar 

concentrations. After this LC-MS competition screen and a similar screen against the LRRK2 

GTPase domain, we realized that a major difficulty encountered by using this as a screening assay 

is that it is not compatible with detergent. Between the lack of detergent and the high compound 

concentrations necessitated by the screen, it is likely that many the molecules screened were above 

their critical aggregation concentration, which can lead to false positives. Future screens should be 

accompanied by counter screens using dynamic light scattering (DLS) to check for compound 

aggregation and should make use of detergent-compatible assays to decrease the likelihood of this 

problem occurring in the first place. The ATP-binding pocket of Dbps and other ATPases is also 

notoriously difficult to target with cell-permeable molecules because it is so highly charged and 

there are no known uncharged pharmacophores that could substitute for the di- or tri-phosphates 

of ADP and ATP. Using a cleavable protecting group and AMP-based scaffold modeled after 

antivirals appears to be a more viable strategy for making a cell-permeable version of AMP-

acrylate and we believe that more work improving the synthetic route and purification of adefovir-

methacrylate could yield sufficient quantity and purity of this molecule to be tested in vitro and in 

cellulo and used with electrophile-sensitive Dbp mutants. 

            We also developed several cell lines that can be used in conjunction with the covalent 

complementary strategy or separately to probe the roles of several Dbps. We were able to make 

several DDX6 knockout clones with CRISPR and stably expressed tagged versions of WT or ES 

DDX6 in these cells, which could also be used with confocal microscopy to examine the sub-

cellular localization of DDX6 under different conditions. We worked on two assays to detect 

AMP-acrylate labeling in cells: NPM competition and CETSA. After several rounds of 
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optimization for each of these assays, we determined that neither was robust enough be carried 

forward. Both assays were time-consuming, low throughput, and dependent on qualitative Western 

blot readouts, which was not ideal. 

            Finally, we developed stable cell lines expressing codon optimality reporters and CRISPRi 

machinery and used these to show that DDX6 does not appear to be the mammalian sensor of 

codon optimality. We believe that this type of reporter could be useful for other experiments. 

However, using a construct with an IRES GFP means that both the codon optimality/stability 

reporter (mCherry) and the fluorescent protein for translation normalization (GFP) are expressed 

on the same transcript, so any changes to the half-life of the transcript will affect the stability of 

both fluorescent reporters equally. This issue may be partly mitigated by the fact that elongation 

is expected to occur more slowly on the nonoptimal mCherry, whereas the GFP on both the NON 

and OPT reporters has the same (optimized) nucleotide sequence and therefore elongation should 

occur at equal speeds for both GFPs. However, flow cytometry data suggests this only plays a 

minor, if any role, in protein expression for these reporters as compared to transcript abundance. 

Further work looking into codon optimality could be improved by creating constructs with a bi-

directional promoter so both mCherry and GFP should be transcribed at equal levels but on 

separate transcripts so transcript stability will not be a confounding factor. 

 
 
Materials & Methods 
 

Cell culture 

            HEK293T cells were purchased from ATCC and K562 CRISPRi cells were a gift from the 

lab of Luke Gilbert at UCSF. Cells were maintained at 37°C in 5% CO2. 293T cells were cultured 
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in DMEM (Gibco) and K562 cells were grown in RPMI (Gibco); both were supplemented with 

10% heat-inactivated FBS (Axenia Biologix). 

 

Plasmids and cloning 

            DDX3 plasmids for bacterial expression were constructed in the pHMGWA vector as 

previously described (Floor et al, 2016; Barkovich et al, 2018). Ste13 plasmids for bacterial 

expression were constructed in a pET vector and Dhh1 plasmids were constructed in a pMCSG7 

vector. DDX3 and DDX6 3x-FLAG-tagged plasmids for mammalian expression were constructed 

in a pCMV vector with Kan and Neo resistance. SNAP-DDX6, TagRFP-T-DDX6, and pWPI 

plasmids were obtained from Addgene. The CRISPRi guide vector pLG1 was a gift from the lab 

of Luke Gilbert at UCSF. Genes and gene blocks were ordered from Twist Biosciences, 

oligonucleotides were ordered from Eton Biosciences and IDT, modified sgRNAs were ordered 

from Synthego. All plasmids were Sanger sequenced by Elim Bio and Quintara to ensure the 

correct sequence. 

 

DDX3 recombinant protein purification 

            DDX3 S228C D1 (132-406) or D1D2 (132-607) and Ste13 (30-424) were expressed and 

purified as previously described (Floor et al, 2016; Barkovich et al, 2018). Purified protein was 

flash frozen in liquid N2, and stored at -80°C. 

 

X-ray crystallography 

            Purified DDX3 S228C (132-607) was incubated with 100uM AMP-acrylamide at 4°C until 

the protein appeared fully labeled by liquid chromatography-mass spectrometry (LC-MS). The 
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protein was then purified by gel filtration across a Superdex 200 column on an AKTA Pure high 

performance liquid chromatography (HPLC) system. The column was equilibrated in 20 mM 4-

(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) pH 7.5, 500 mM NaCl, 10% (v/v) 

glycerol, and 0.5 mM TCEP. Collected fractions were analyzed by UV and Coomassie gel stain 

for protein, combined, concentrated, flash frozen in liquid N2, and stored at -80°C. Crystals were 

grown in conditions as previously described (Floor et al, 2016), namely 6% PEG-3000 and 100 

mM sodium citrate, pH 5.5. Crystallization was achieved by hanging drop vapor diffusion at 22°C 

and occurred within 48 hrs. Crystals were looped and stored in liquid N2 for data collection on 

Beamline 8.2.2 at the Advanced Light Source (LBNL, Berkeley, CA). Data were indexed and 

integrated on iMosFlm (Battye et al, 2012), scaled with Scala (Evans, 2006), phased using 

molecular replacement with PHASER (McCoy et al, 2007) using 5E7J from the Protein Data Bank 

(PDB) as a search model, and built and refined on PHENIX (Adams et al, 2010) and Coot (Emsley 

et al, 2010). Structures were visualized using PyMol (Schrodinger) and UCSF Chimera (Pettersen 

et al, 2021). The atomic coordinates and structure factors for the reported crystal structure were 

deposited as accession number 6CZ5 with the PDB. Data collection and refinement statistics can 

be found in Table 2.1. 

 

Adefovir-methacrylate synthesis 

            Adefovir-methacrylate was prepared following the synthetic scheme in Figure 2.3 C. 

Adefovir (AK Scientific) and 1 equivalent 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) were 

dissolved in tetrahydrofuran (THF) under Ar in a 4 mL scintillation vial with sonication and 

stirring. In a separate vial, chloromethyl pivalate (Sigma) was dissolved in THF and added slowly 

to the reaction vial. The reaction was run overnight and monitored by TLC and LC-MS and the 
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intermediate product (1) was purified by reverse phase HPLC (0-30% MeCN/H2O) to yield pure 

compound. The intermediate product (1) was resuspended with 1 equivalent DBU in THF under 

Ar in 4 mL vial and methacrylic anhydride (prepared as previously described in Barkovich et al, 

2018) in THF was slowly added dropwise. The reaction was heated to 80°C and run overnight. 

The final product (adefovir-methacrylate) was detected by LC-MS but could not be purified by 

reverse-phase HPLC in sufficient quantity to be tested in esterase cleavage or in cellulo assays. 

 

LC-MS competition screen 

            250 nM DDX3 S228C (132-406) in 10 mM Tris pH 7.5, 100 mM NaCl, and 1 mM MgCl2 

was incubated with 50 μM compound (Selleck Chem 378 Kinase Inhibitor Library) for 2 min at 

4°C in 96 well plates. 5 μM AMP-acrylamide was added and then the reaction was quenched with 

5% formic acid after 6.5 hrs. The extent of modification by AMP-acrylamide (+401 adduct) was 

determined by whole protein mass spectrometry on a Waters Acquity UPLC/G2-XF QTOF. Plates 

were maintained at 4°C over the course of the experiment, a wash sample of buffer only was run 

after every 5 samples, and samples containing 10μM AMP or DMSO instead of an inhibitor were 

run on each 96-well plate as positive and negative controls, respectively. Reported data points are 

from single replicates, the fraction of modified protein was determined using a modified python 

script developed by Adolfo Cuesta in the Taunton lab at UCSF, and data was plotted using Prism 

software (GraphPad). 

 

Differential scanning fluorimetry 

            Differential scanning fluorimetry (DSF) was performed as previously described (Niesen et 

al, 2007; Barkovich et al, 2019). 4 μM DDX3 (132-406) was incubated in 20 mM HEPES pH 7.5, 
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150 mM NaCl, and 5 mM MgCl2 along with SYPRO Orange. Reaction mixtures were incubated 

at room temperature with compound or 0.2% DMSO 5 min before the start of the assay. Each 

condition was run in triplicate on a Bio-Rad CFX96 Real-Time PCR machine and curves were fit 

using Prism (GraphPad). 

 

RNA duplex unwinding assay 

            RNA duplex assays were performed as previously described (Jankowsky & Putnam, 2010; 

Barkovich et al, 2019). 1 μM DDX3 (132-607), 1 nM duplex RNA, 2 mM ATP/MgCl2, and 

indicated compound concentration were incubated in reaction buffer: 20 mM HEPES pH 7.5, 100 

mM NaCl, 500 μM MgCl2, 1 mM TCEP, 0.01% (v/v) NP-40, 5% glycerol, in diethyl 

pyrocarbonate (DEPC) treated H2O. The RNA was radiolabeled in advance and the duplex strand 

sequences are 5′-GCUUUACGGUGC-3′ and 5′-

GAACAACAACAACAACCAUGGCACCGUAAAGC-3′. For all the reactions that included 

chemical inhibitors, the inhibitor, RNA, and protein were incubated 5 min at room temperature 

before ATP-Mg was added. Reactions were quenched with 1:10 of a 1% SDS 50 mM EDTA stock 

and run on a 15% PAGE-TBE gel at 5W for 30 min on ice. Gels were dried, transferred, and 

imaged on a Typhoon imager. Results were quantified on ImageJ software (NIH). 

 

DNA-encoded library screen 

            The DNA-encoded library (DEL) screen was performed in conjunction with WuXi 

AppTech using their DELOpen library of approximately 2.8 billion compounds and following the 

protocol provided with the library. The library was screened against His-MBP-DDX3 S228C D1 

and counter-screened against His-MBP-DDX3 S228C D1 fully labeled by AMP-acrylamide and 
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His-tagged maltose-binding protein (MBP). MBP was used on DDX3 constructs to ensure 

solubility. In short, proteins were tested with His-Pure Ni-NTA beads to ensure on-bead capture 

as shown on a Coomassie-stained SDS-PAGE gel. Beads were suspended in wash buffer and 

incubated for 30 min at 25°C with each of the proteins for the 3 different screening conditions, as 

well as a non-targeting condition (NTC). Beads were washed and resuspended in the DEL library 

solution, incubated 1 hr at 25°C, then washed several times with a new buffer before incubating 

10 min at 95°C to elute. A fraction of this first round of selection was saved and the rest used for 

two more rounds of library selection against fresh mixtures of protein immobilized on beads. The 

supernatant from the second and third rounds of selection was also saved and samples from all 

three rounds of selection against each protein was stored at -80°C and sent to WuXi for deep 

sequencing. Based on the sequencing results provided, 5 compounds from different synthetic 

classes that appeared as hits within the library were ordered for off-bead synthesis and further 

analysis. 

 

DDX6 KO cell line generation 

            Nucleofection was done using the Amaxa SF Cell Line Nucleofector Kit (Lonza) following 

the kit protocol. 2e5 293T cells were suspended in 20 μL nucleofector solution (Lonza SF solution 

with added 293T supplement). 100 pmol Cas9 was added to 40 pmol of each of the 3 sgRNAs very 

slowly and incubated 20 min at 22°C before it was mixed with the cell solution in the Lonza 

cuvette. Nucleofection was performed on a Lonza Nucleofector 4D using the SF cell line program 

CM-130. Cells were rested in the cuvettes for 10 min post-nucleofection, then plated in 1 mL 

media in 12-well plates. Cells were grown out and knockout efficiency was assessed by Sanger 

sequencing. Individual clones were isolated and sequenced by diluting cells to 1 cell/200 μL and 
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plating 100 μL/well in 96-well plates, growing out 2 wks, identifying wells with single colonies, 

growing up colonies, and Sanger sequencing. Two separate DDX6 knockout clones were 

generated, verified by Western blotting, and stored in 5% DMSO at -160°C. Purified Cas9 was 

ordered from the UC Berkeley QB3 MacroLab and modified sgRNAs were ordered from 

Synthego; sgRNA sequences can be found in Table 2.2. 

 

Immunoprecipitation and NPM labeling competition 

            293T cells were transfected with DDX6-FLAG (WT or T144C) or DDX3-FLAG (WT or 

S228C), harvested after 48 hrs, lysed 10 min on ice in 100 mM HEPES pH 7.5, 150 mM NaCl, 

0.1% NP-40 lysis buffer with 1x cOmplete EDTA-free protease inhibitor cocktail and 1x 

PhosSTOP inhibitor cocktail, then clarified and normalized to 2.5 mg/mL protein. Lysate was 

incubated with magnetic FLAG beads at 4°C for 90 min, then beads were washed 5x in lysis buffer. 

Beads were washed 2x in 1 mg/mL FLAG peptide in lysis buffer and the supernatant was combined 

for the immunoprecipitation (IP) fraction. IP protein or cell lysate was incubated with 10 μM AMP-

acrylate for 15 min at 22°C, then 1 μM N-propargyl maleimide (NPM) was added for 15 min 

before the reaction was quenched with 1 μL of 50 μM ß-mercaptoethanol (BME). TAMRA-N3 or 

m-PEG-N3 was added via a copper-catalyzed click reaction run for 1 hr at 22°C in the dark. The 

click reaction was quenched with SDS-loading dye and samples were run by SDS-PAGE gel. In-

gel fluorescence was read out on a Typhoon imager and analyzed by ImageJ. Immunoblotting was 

performed as described in Chapter 3 and images were analyzed by ImageStudioLite software      

(Li-COR Biosciences). 
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Cellular thermal shift assay 

            Cellular thermal shift assay (CETSA) was performed as previously described (Jafari et al, 

2014) using 293T or 293T TagRFP-T-DDX6 cells. 293T cells transfected with DDX3-FLAG or 

DDX6-FLAG were harvested after 72 hrs. Cells were grown in 15 cm dishes, rinsed with ice cold 

PBS (Gibco), and manually detached. Cell pellets were rinsed 2x with PBS before being lysed 

with ice cold lysis buffer without detergent (100 mM Hepes (pH 7.5) and 150 mM NaCl with mini-

cOmplete Protease Inhibitor Cocktail Tablets and PhosSTOP) by freeze-thawing 3x in liquid N2 

and clarified by spinning at 20,000g for 20 min at 4°C. Lysates were normalized to 2.5 mg/mL 

protein by a Bradford assay. Standard melt curves for each protein tested were generated by heating 

lysates in 40-67°C in 3°C intervals. Lysates were incubated 60 min with 50-200 μM AMP-acrylate, 

then heated 3 min at 52°C, cooled 5 min at 4°C, centrifuged to remove aggregates, and run on an 

SDS-PAGE gel. Immunoblotting was performed as described in Chapter 3, images were analyzed 

by ImageStudioLite (Li-Cor Biosciences) and melt curves were fit with Prism (GraphPad). 

 

Transient transfection 

            Transient transfections in 293T cells were performed following the Lipofectamine 3000 

protocol (Thermo Fisher). 293T cells were plated in 10 cm dishes or 6-well plates and grown until 

70-90% confluency. Lipofectamine reagent was diluted in Opti-MEM (OMEM) and plasmid plus 

P-3000 reagent were mixed, diluted in OMEM, then mixed with the diluted lipofectamine reagent 

and incubated for 5 min at room temperature. This DNA-lipid complex was carefully added 

dropwise to cells and mixed by gentle shaking. Cells were grown 24-72 hrs then used for 

downstream analysis. DNA and lipid amounts were determined empirically based off well size 

and manufacturer’s recommendations. 
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Codon optimality reporters 

            Codon optimality reporters were designed using published H. sapiens codon optimality 

data (Wu et al, 2019). For each amino acid, the most optimal codon option was used for the 

“Optimal” mCherry reporter and the least optimal codon option was used for the “Non-optimal” 

mCherry reporter using a python script written with the help of Jack Stevenson in the Shokat lab. 

mCherry sequences are listed in Table 2.3. Codon optimality reporter constructs were cloned into 

the vector pWPI (Addgene #12254) that also contained an IRES EGFP. Lentivirus were generated 

also previously described (Lou et al, 2022) and transduced in K562 CRISPRi cells as described in 

Chapter 3. “OPT” and “NON” cell lines containing either the codon optimized mCherry or non-

optimized construct, respectively, were selected through two rounds of cell sorting gated on 

mCherry and GFP fluorescence. Stable cell lines were routinely monitored by flow cytometry and 

stored with 5% DMSO at -160°C. 

 

Lentivirus/stable cell line selection 

            tagRFP-T-DDX6 and SNAP-DDX6 constructs were from Addgene (#119947 and 119948) 

and electrophile-sensitive point mutations (T144C) were generated by site-directed mutagenesis 

polymerase chain reaction (PCR) cloning in Stbl3 E. coli strains. Lentivirus were generated for 

tagRFP-T-DDX6 and SNAP-DDX6 constructs and 293T DDX6 KO cells were transduced as 

described in Chapter 3. DDX6-RFP cells were selected by two sequential rounds of fluorescence-

activated cell sortings (FACS) on a BD FACSAria II. SNAP-DDX6 cells were also selected by 

two rounds of FACS using the SNAP-Cell TMR-STAR substrate. K562 CRISPRi OPT and NON 

cell lines were also transduced with CRISPRi guides as previously described (Lou et al, 2022). 

Cells were selected with puromycin and verified by BFP expression by flow cytometry. CRISPRi 
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sgRNA sequences are listed in Table 2.4. All stable cell lines were routinely tested and stored with 

5% DMSO at -160°C. 

 

Flow cytometry 

            Flow cytometry was performed on a benchtop Attune II and an Attune Nxt as described in 

Chapter 3. 
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Figures 

 
 
Figure 2.1 Covalent complementary approach to study DEAD-box proteins. A) Alignment of 
DEAD-box proteins and all RNA helicases along the P loop to identify the site of cysteine mutation 
(in red box). B) DDX3 S228C displays a 3-fold decrease in unwinding activity compared to DDX3 
WT. C) Structure of AMP-acrylate. D) AMP-acrylate does not inhibit WT DDX3 (top). Dose-
dependent inhibition of unwinding activity by AMP-acrylate with DDX3 S228C (bottom).  
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Figure 2.2 Crystal structure of DDX3 (132-607) S228C bound to AMP-acrylamide. DDX3 ES 
bound to AMP-acrylamide (6ZC5) is shown in blue, overlaid with DDX3 WT (132-607) bound to 
AMP (5E7J). Inset shows close up of the ATP-binding site with AMP-acrylamide covalently 
bound at Cys228. Thr226 on the P-loop is shifted 9.4 Å to accommodate the orientation of the 
covalent bond formation. 
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Figure 2.3 Caged phosphate strategy for AMP-based inhibitors. A) Adefovir acrylate was 
previously synthesized by Krister Barkovich in the Shokat lab. B) Adefovir-acrylate showed full 
labeling of DDX3 S228C in vitro. C) Synthetic scheme for caged Adefovir-methacrylate. 
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Figure 2.4 Kinase inhibitor library screen. A) Scatter plot of Selleck Chem kinase inhibitor 
library compounds inhibition of AMP-acrylamide labeling of DDX3 S228C. Blue line is labeling 
without kinase inhibitor (DMSO control) normalized to 1. Red line represents 2 standard 
deviations below average of all tested compounds. Compounds marked in red were tested further 
to check for a dose response in inhibition of labeling assays. B) Top 6 hits were tested for 
stabilization of DDX3 S228C by DSF. C) DDX3 S228C melting temperatures calculated from 
Panel B. D) 3 hits were tested for inhibition of DDX3 S228C duplex unwinding activity in vitro 
over 45 min. 
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Figure 2.5 Structures of Selleck Chem library hits. Structure of the top six hits identified 
from the kinase inhibitor library screen against DDX3 S228C. Molecules are shown with their 
Selleck Chem library ID, commercial or company name, and primary known kinase or GTPase 
target. 
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Figure 2.6. DNA-encoded library screen against DDX3 S228C. A) Cartoon interpretation of 
DEL screen and counter screen against His-MBP-DDX3 (132-406) ES and His-MBP-DDX3 (132-
406) ES bound to AMP-acrylamide. B) Molecule 10115-451 decreases AMP-acrylamide labeling 
of DDX3 ES. C) Molecule 10115-451 inhibits DDX3 unwinding activity in an in vitro duplex 
unwinding assay. 
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Figure 2.7 DDX6 engineered cell lines. A) 293T clones with DDX6 knockouts were selected and 
tested by Western blotting. B) DDX6 knockout cell lines were used a background for RFP-DDX6 
WT or ES expression via lentivirus. Stable cell lines were identified and sorted by FACS. 
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Figure 2.8 NPM competition assay for detection of AMP-acrylate labeling. A) Schematic of 
assay workflow. B) Competition of NPM labeling of purified DDX3 ES with AMP-acrylate. C) 
Competition of NPM labeling of purified Ste13 ES with AMP-acrylate. 1 µM protein was used in 
both B and C. 0.3 µM-20 µM AMP-acrylate was used in C. D) In-gel fluorescence of NPM clicked 
to TAMRA-N3 in 293T lysate with DDX6-FLAG WT or ES transiently transfected. E) EMSA 
assay in Western blot for FLAG tag from same experiment at D. 
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Figure 2.9 CETSA protein melt curves were determined in 293T lysate for several 
DExD/H-Box proteins of interest. 
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Figure 2.10 AMP-acrylate demonstrates (de)stabilization of ES Dbps by CETSA. A) DDX3-
FLAG WT and ES were transiently transfected in 293T cells and lysates were treated with AMP-
acrylate before being heated to 52°C. B) DDX6-FLAG WT and ES were transiently transfected in 
DDX6 KO 293T cells and lysates were treated with AMP-acrylate before being heated to 52°C. 
C) Quantification of band intensity from 3 Western blot replicates of DDX6 protein. 
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Figure 2.11 Codon optimality reporters. A) Schematic of design of “OPT” (codon optimized 
mCherry) and “NON” (codon deoptimized mCherry) reporters. B) Cell lines expressing either 
OPT, NON, or no reporter visualized by flow cytometry. C) Gene expression of OPT and NON 
reporters obtained by qPCR normalized to GAPDH gene expression. 
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Figure 2.12 DDX6 knockdown lowers GFP expression in NON reporter but not OPT 
reporter. A) Scatter plot of cells expressing NON reporter with (blue) or without (gray) DDX6 
knockdown. B) Same as A, but shown as a ratio of mCherry/GFP expression. C) Histogram of 
cells expressing OPT reporter with (blue) or without (gray) DDX6 knockdown. D) Histograms of 
changes in mCherry and GFP expression in cells expressing NON reporter with (red/green) or 
without (gray) DDX6 knockdown. E) Histograms of changes in mCherry and GFP expression in 
cells expressing OPT reporter with (red/green) or without (gray) DDX6 knockdown. 
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Figure 2.13 Knockdown of known translational repressors in cell lines with NON and OPT 
codon optimality reporters. Reporter expression is shown as fold-change of GFP and mCherry 
compared to cells without a knockdown and normalized to GAL-4 negative control knockdowns. 
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Tables 

Table 2.1 X-ray data collection and refinement statistics. Table is reprinted from Barkovich et 
al, 2019. Atomic factors and structural coordinates for the reported crystal structure can be found 
in the PDB under accession number 6CZ5. 
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Table 2.2 DDX6 KO sgRNA sequences. Modified sgRNAs were ordered from Synthego. The 20 
nucleotide genome targeting sequences are appended to an 80-mer SpCas9 scaffold to create the 
guide RNA. Sequences contained 2’-O-Me modifications on the 3 first and last bases and 3’ 
phosphorothioate bonds between the first 3 and last 2 bases. 

sgRNA Sequence 
DDX6 sgRNA 1 A*G*U*GCCAUUAUUGAUUGUGU 
DDX6 sgRNA 2 C*A*C*UGGUGGCCCUGGAGGAG 
DDX6 sgRNA 3 G*G*C*CACCAGUGGGUUUCACA 
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Table 2.3 mCherry codon optimality reporter sequences.  
Reporter Sequence 

“OPT” Codon-optimized 
mCherry 

ATGGTGTCGAAGGGTGAGGAGGACAACATGGCTA
TCATCAAGGAGTTCATGCGGTTCAAGGTGCACATG
GAGGGTTCGGTGAACGGTCACGAGTTCGAGATCG
AGGGTGAGGGTGAGGGTCGGCCCTACGAGGGTAC
CCAGACCGCTAAGCTGAAGGTGACCAAGGGTGGT
CCCCTGCCCTTCGCTTGGGACATCCTGTCGCCCCA
GTTCATGTACGGTTCGAAGGCTTACGTGAAGCACC
CCGCTGACATCCCCGACTACCTGAAGCTGTCGTTC
CCCGAGGGTTTCAAGTGGGAGCGGGTGATGAACT
TCGAGGACGGTGGTGTGGTGACCGTGACCCAGGA
CTCGTCGCTGCAGGACGGTGAGTTCATCTACAAGG
TGAAGCTGCGGGGTACCAACTTCCCCTCGGACGGT
CCCGTGATGCAGAAGAAGACCATGGGTTGGGAGG
CTTCGTCGGAGCGGATGTACCCCGAGGACGGTGCT
CTGAAGGGTGAGATCAAGCAGCGGCTGAAGCTGA
AGGACGGTGGTCACTACGACGCTGAGGTGAAGAC
CACCTACAAGGCTAAGAAGCCCGTGCAGCTGCCC
GGTGCTTACAACGTGAACATCAAGCTGGACATCAC
CTCGCACAACGAGGACTACACCATCGTGGAGCAG
TACGAGCGGGCTGAGGGTCGGCACTCGACCGGTG
GTATGGACGAGCTGTACAAG 

“NON” Codon-nonoptimized 
mCherry 

ATGGTAAGTAAAGGAGAAGAAGATAATATGGCGAT
AATAAAAGAATTTATGAGATTTAAAGTACATATGGA
AGGAAGTGTAAATGGACATGAATTTGAAATAGAAG
GAGAAGGAGAAGGAAGACCTTATGAAGGAACTCA
AACTGCGAAATTAAAAGTAACTAAAGGAGGACCT
TTACCTTTTGCGTGGGATATATTAAGTCCTCAATTTA
TGTATGGAAGTAAAGCGTATGTAAAACATCCTGCG
GATATACCTGATTATTTAAAATTAAGTTTTCCTGAA
GGATTTAAATGGGAAAGAGTAATGAATTTTGAAGA
TGGAGGAGTAGTAACTGTAACTCAAGATAGTAGTT
TACAAGATGGAGAATTTATATATAAAGTAAAATTAA
GAGGAACTAATTTTCCTAGTGATGGACCTGTAATG
CAAAAAAAAACTATGGGATGGGAAGCGAGTAGTG
AAAGAATGTATCCTGAAGATGGAGCGTTAAAAGG
AGAAATAAAACAAAGATTAAAATTAAAAGATGGA
GGACATTATGATGCGGAAGTAAAAACTACTTATAA
AGCGAAAAAACCTGTACAATTACCTGGAGCGTATA
ATGTAAATATAAAATTAGATATAACTAGTCATAATGA
AGATTATACTATAGTAGAACAATATGAAAGAGCGG
AAGGAAGACATAGTACTGGAGGAATGGATGAATTA
TATAAA 
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Table 2.4 CRISPRi sgRNA protospacer sequences. Protospacer sequences were chosen from 
the hCRISPRi v2 Top 5 Library (Horlbeck et al, 2016) and oligos ordered and cloned into 
expression vector as previously described (Horlbeck et al, 2016; Lou et al, 2022; Chapter 3). 

sgRNA name hCRISPRi v2 library name Sequence 
DDX6 sgRNA 1 DDX6_+_118661671.23-P1P2 GCGGGCGGAGGTTTCCGAGG 
DDX6 sgRNA 2 DDX6_+_118661800.23-P1P2 GGCGGGCAGCGGAGGAGGTA 
DDX6 sgRNA 3 DDX6_+_118661817.23-P1P2 GTCGGCGGCGCCACGAGAGC 
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Abstract 
 

Small molecule therapeutics classically target enzymatic activity or protein-protein 

interactions. New strategies, such as targeted protein degradation, have widened how we think 

about using small molecules to target proteins but they still rely on the discovery of small molecule 

binders for proteins of interest. As an alternative, targeting protein synthesis opens a variety of 

new opportunities, particularly for “undruggable” proteins with no known small molecule binders. 

The natural product rocaglamide A (RocA) inhibits the essential cap-dependent translation 

initiation complex eIF4F through formation of a ternary complex with the RNA helicase eIF4A 

and its mRNA substrate. Formation of this complex traps eIF4A on long, highly structured 5'-

untranslated regions (5’-UTRs) and inhibits protein synthesis. This inhibition is semi-selective and 

prevents the synthesis of a variety of oncoproteins, which tend to have more structured 5’-UTRs, 

without affecting the synthesis of many other proteins in the cell. However, there is a need to 

further improve this selectivity. Zotatifin, a synthetic derivative of Roc (Ernst et al, 2020), is 

currently in Phase I/II clinical trials for various KRAS- and growth receptor-driven solid tumors 

where toxicity issues as a result of on-target, off-tumor translation inhibition must be avoided.  

We hypothesized that binding multiple copies of eIF4A with a single RocA-based molecule 

could improve selectivity. Based on a crystal structure of the eIF4A::RNA::RocA complex and 

unpublished HDX data of eIF4A multimer interactions, we have synthesized several dimers of 

RocA. Brief studies examining different linkers suggest that these Roc dimers (BisRoc) inhibit 

multiple copies of eIF4A. BisRoc also demonstrates increased potency against a subset of known 

Roc targets, including Myc, Cyclin D, and CDK6. Most intriguingly, while Roc and Zotatifin both 

are highly potent across a large panel of cell lines, BisRoc exhibits a far broader range of potencies, 

which suggests it could increase the therapeutic index of this inhibitor class. BisRoc appears to 
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have different cellular accumulation properties as well as a modified  5’-UTR sequence specificity. 

Characterization to identify the cellular factors that distinguish the behavior of BisRoc from that 

of RocA and Zotatifin revealed that factors governing entry and export have the highest impact on 

the potency of BisRoc and eIF4A2 levels affect the potency of the dimer more than either of the 

monomers. Ongoing work to characterize the 5’-UTR specificity of BisRoc, as well as to test other 

RocA-linked molecules, is also described here. 

 

Introduction 
 
            Dysregulated mRNA translation is a hallmark of cancer development (Ruggero & Pandolfi, 

2003; Robichaud et al, 2019; Fabbri et al, 2021). Targeting the distinct steps in mRNA translation 

can lead to approved therapies such as the rapamycins which block mTOR-mediated translation in 

cell-specific contexts (Chiu et al, 1994).  A major hurdle in identifying inhibitors of mRNA 

translation with therapeutic potential lies in their ability to selectively disrupt important 

translational processes in cancer cells while sparing non-transformed cells (Merric & Hunt, 2002; 

Fan & Sharp, 2021). There are currently no precise inhibitors of a single cancer-associated mRNA 

with the exception of macromolecular approaches (e.g., siRNA, antisense oligonucleotide, and 

CRISPR based technologies), which have significant drug-delivery challenges (Shegokar, 2011; 

Taha et al, 2022). 

Natural products have been a rich source of inhibitors of multiple steps of mRNA 

translation from initiation (rapamycin/mTOR, rocaglamide A/eIF4A, hipuristanol/eIF4A; Burgers 

& Fürst, 2021) and ribosomal synthesis (antibiotics which bind the bacterial ribosome; Hutchings 

et al, 2019).  Translation initiation is highly regulated at the level of specific mRNAs through 

structured 5’ UTR sequences (Bugaut et al, 2012; Leppek et al, 2018) and affords an opportunity 
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for selective mRNA translation inhibition.  The rocaglate natural products, exemplified by 

rocaglamide A, possess a remarkable mechanism whereby rocaglamide A serves as a molecular 

glue that binds at the interface of RNA and protein, contacting a stretch of purines of the mRNA 

substrate as well as eIF4A residues (Iwasaki et al, 2019). This leads to trapping of eIF4A helicase 

on a subset of mRNA sequences with polypurine rich motifs, resulting in blockade of 43S 

ribosomal scanning and inhibition of the expression of numerous target proteins, including 

oncogenes (Iwasaki et al, 2016). Despite a crystal structure of the complex and ribosome profiling 

of mRNA translation effects of rocaglamide A, a complete understanding of the cellular specificity 

of these agents on various cancer cells is still being pursued (Chen et al, 2021).  

          We set out to create a modified rocaglamide A which exhibits differential selectivity for 

growth inhibition of specific cell types compared to the parent molecule which has high potency 

(<10 nM EC50) across hundreds of cancer cell lines.  To achieve such differential selectivity, we 

turned to exploit the modulation of cytosolic accumulation of molecules with long linkers by 

IFITM proteins (Lou et al, 2022).  We reasoned that a dimer of rocaglamide A possessing IFITM 

dependence might result in differential uptake, and thereby inhibition, across a large panel of 

cancer cell lines compared to monomeric rocaglamide A.  The dimer of RocA might also provide 

additional selectivity for mRNAs based on the engagement of two eIF4A helicases (Schmidt et al, 

2023).  The dimerization of synthetic and natural products has been traditionally carried out to 

enhance potency through the chelate effect (Poulin-Kerstein & Dervan, 2003; Cowell & Lee, 2016; 

Maniaci et al, 2017; Guan et al, 2022).  In this case we hoped to “tune” the selectivity through cell 

access and differential eIF4A dependence of mRNA translation. 
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Results 
 
Design and synthesis of RocA dimers 

We used the crystal structure of eIF4A bound to RocA and a poly-AG RNA as a starting 

point for designing RocA dimers (Iwasaki et al, 2019). Two symmetry mates in the crystal 

structure showed the proteins oriented such that the RocA molecules faced one another (Figure 

3.1 A). This orientation aligns with unpublished hydrogen-deuterium exchange mass spectrometry 

(HDX-MS) data that suggests eIF4A1 oligomers form contacts at several residues along that face. 

Based off this data, we modeled that two RocA molecules could be linked together across that 

space to form a dimer (BisRoc) that bound two copies of eIF4A simultaneously (Figure 3.1 B).  

Looking more closely at the orientation of RocA in its binding pocket, we identified a solvent-

exposed amide (Figure 3.1 C) as a location that has previously been derivatized (Chen et al, 2021) 

and ideal for linker attachment. We designed a series of three linker lengths: PEG-11, PEG-4, and 

PEG-2 (Figure 3.1 D). Based off the approximate 14 Å distance between two RocA molecules in 

the crystal structure, the PEG-11 and PEG-4 linkers should both span the distance to interact with 

two eIF4A proteins, while the PEG-2 linker was expected to be prohibitively short and was 

designed as a negative control. All RocA dimers were synthesized as previously described through 

a one pot amide coupling of the respective PEG linker diamine and rocagloic acid (Lou et al, 2022; 

Figure 3.2 A). 

All three BisRoc molecules were tested in a cell viability assay against RocA and retained 

similar cell activity to RocA in K562 cells, an immortalized chronic myeloid leukemia cell line 

(Figure 3.1 E). Western blotting for previously reported RocA targets showed that the BisRoc 

molecules retained similar specificity to RocA and BisRoc-1 had increased potency against a 

subset of targets (Figure 3.1 F and Figure 3.2 B). BisRoc potency generally showed an inverse 
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correlation with linker length, so we chose to focus primarily on BisRoc-1 (PEG-11) for further 

characterization from this point forward. 

Cancer cell line panel screen 

Although RocA and BisRoc-1 performed similarly in preliminary experiments in K562 

cells, we were curious how potency would vary across cell lines and what other cellular factors 

might play a role (Rees et al, 2016). In a five-day cell viability assay across more than 300 cancer 

cell lines (Garnett et al, 2012), RocA had a single log-fold range in potency with EC50 calculations 

in the single to double digit nanomolar range in almost all cell lines, which agrees with previously 

reported studies (Iwasaki et al, 2016); Chu et al, 2020. This high potency across a broad range of 

cancer cell lines makes sense with the mechanism of action of RocA, which targets the synthesis 

of many key growth and signaling proteins, as opposed to inhibitors that target a specific driver 

oncogene or mutation. Intriguingly, BisRoc-1 had a four log-fold spread in potency, where some 

cell lines responded similarly to both molecules, but a subset of lines were far more resistant to 

BisRoc-1 (Figure 3.3 A). This data suggested that interactions with cellular level factors, rather 

than affinity for individual mRNAs, accounts for the main difference between RocA and BisRoc-

1 potency. (Figure 3.3 B-C and Figure 3.4 B-C). 

To search for effects of individual gene expression on differences between RocA and 

BisRoc-1 potency, we looked for correlations between mRNA-Seq data and molecule potency 

across cell lines (Figure 3.3 D-E and Figure 3.4 D) (DepMap). Individual mutations and tumor 

type showed no correlation but such analyses were also limited by the size of the dataset. The 

strongest genetic correlation by far with BisRoc-1 potency was ABCC1, which encodes multidrug 

resistance-associated protein 1 (MRP1). Increased ABCC1 levels correlated with decreased 

BisRoc-1 potency, likely through export of the linked molecule, but had no significant correlation 
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with RocA potency. Interferon induced transmembrane protein 1 (IFITM1) had a strong positive 

correlation with BisRoc-1 potency, which aligned with our previous findings that IFITM proteins 

(IFITM 1-3) appear to play a role in the cellular import of large, linked molecules (Lou et al, 2022). 

Although some strong genetic correlations like these were able to be pulled out of the screen, the 

amount of noise in the screen from comparing levels of almost 20,000 protein-coding genes across 

298 cell lines meant that many signals were too low to identify. Additionally, genes with low 

expression variability across the cell panel could not be identified as potential interactors. 

CRISPRi screen 

To better understand which individual genes most contributed to the differences in potency 

between RocA and BisRoc-1, we turned to a genome-wide CRISPRi screen, which offers the 

advantage of being able to knock down individual genes in a single cell line, ensuring that each 

individual knockdown should be against the same genetic background. K562 CRISPRi cells were 

treated with DMSO, RocA, or BisRoc-1 over the course of a 11-day experiment at concentrations 

chosen to induce a selective pressure (Figure 3.5 A). All molecules were maintained over the 

course of treatment, except for BisRoc-1, which was removed on day 7 to ensure enough cells 

remained at the end of the experiment for downstream analysis. 

Volcano plots of the growth phenotype for all the genes tested under RocA and BisRoc-1 

treatment reflect some of the top hits from the cell panel screen and indicate genes that did not 

previously show up (Figure 3.5 B-C). Knockdown of several genes which we previously identified 

to play roles in linked molecule uptake and export induced sensitivity to BisRoc-1 but not RocA. 

ABCB1, which encodes the transmembrane transporter P-glycoprotein (P-gp), is another member 

of the ABC transporter family that pumps out many xenobiotic compounds. Similarly to ABCC1, 

this transporter was one of the strongest hits in the screen. We expect that different related 
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transporters showed up in the two different screens because ABCC1 has very low expression in 

K562 cells and may not be picked up in a knockdown, while ABCB1 has similar expression across 

the cell panel and would not show up in an expression correlation. LDLR and OSBP were two 

other sensitizing hits that we have seen previously in screens of unrelated linked molecules (Lou 

et al, 2022). For resistance hits, IFITM1 had the greatest effect on growth phenotype and IFITM2 

showed up as well. IFITM3 was not a strong hit, which was not surprising because IFITM3 has 

the lowest expression of these 3 proteins in K562 cells. Our previous work also used the BisRoc 

series to show that longer linker length increased the dependence of these molecules on IFITM 

proteins for cellular entry (Lou et al, 2022). The dependence on IFITM levels was tested here with 

CRISPRa K562 cell lines overexpressing each of the IFITM proteins (Figure 3.6 A). 

While EIF4A1 was not a significant hit for either RocA or BisRoc-1, several other initiation 

factors in the eIF4F complex appeared as hits for BisRoc-1 only, including EIF4B knockdown as 

one of the strongest sensitizing hits and EIF4G1 and EIF4E as resistance hits. Another of the 

strongest sensitizing hits was knockdown of the gene EIF4A2, the paralog of EIF4A1. The exact 

role of the eIF4A2 protein in translation initiation is still being determined but it has been 

demonstrated to act similarly to eIF4A1 when overexpressed and to play a role in translational 

repression (Meijer et al, 2019; Wilczynska et al, 2019). To confirm this hit, we selected cell lines 

expressing EIF4A2 knockdowns (Table 3.1). We were unable to select for a full knockdown but 

achieved partial knockdowns confimed by Western blotting and which decreased over time 

(Figure 3.5 B). EIF4A2 partial knockdown induced slight sensitivity to RocA, no sensitivity to 

Zotatifin, and a stronger sensitivity to all three BisRoc molecules (Figure 3.6 C). 
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BisRoc methylation 

            To investigate the mechanism of BisRoc-1 dependency on eIF4A2 levels, we examined the 

structural differences between it and RocA. In addition to the PEG-11 linker, the other key 

difference is that solvent-exposed amide on RocA is demethylated, while the BisRoc-1 solvent-

exposed amide is linked to the PEG linker and unmethylated. Examining the structures of eIF4A1 

and eIF4A2 showed that D198, a residue near that amide in eIF4A1, is replaced by E198 in eIF4A2 

(Figure 3.7 A). We hypothesized that the extra methylene in the E198 side chain might allow it to 

reach far enough to form a hydrogen bond with the unmethylated nitrogen of the amide on BisRoc-

1. To test this hypothesis, we synthesized mono- and un-methylated versions of RocA (Figure 3.7 

B), as well as a methylated version of BisRoc-1 (Figure 3.7 C) and tested them against the EIF4A2 

knockdown cell lines. Zotatifin and the mono- and un-methylated versions of RocA showed no 

sensitivity to EIF4A2 knockdown, while the methylated BisRoc-1 maintained its sensitivity 

(Figure 3.7 D). This data suggests to us that the methylation status of the solvent-exposed amide 

does not play much of a role in the compound’s sensitivity to eIF4A2 and that the presence of the 

PEG linker or dimerization has a much larger effect. 

 

Roc-RIBOTAC 

            We also wanted to test the effects of appending another RBP-binding small molecule to 

RocA and chose a previously reported RNase L ligand (Costales et al, 2020) to see if we could 

induce targeted-RNA degradation of Roc-bound RNAs. We synthesized our “Roc-RIBOTAC” 

compound (Tong et al, 2023) with a PEG-2 linker based on previously reported results with the 

RNase L ligand (Costales et al, 2020; Haniff et al, 2020; Figure 3.8 A) and confirmed that it still 

was functional, although less potent than RocA, in a cell growth assay (Figure 3.8 B). The Roc-
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RIBOTAC also lowered protein levels of known RocA targets (Figure 3.8 C) but did not cause a 

decrease in their RNA levels (Figure 3.8 D), which suggested to us that it was not inducing 

degradation of bound mRNAs. 

 

Discussion 

We designed and synthesized series of RocA dimers with the hypothesis that we could 

modulate the activity of RocA by targeting multiple copies of eIF4A on mRNA 5’-UTRs.  

Testing our lead molecule, BisRoc-1, against a large cancer cell line panel revealed a surprising 

pattern: while RocA was already known to be highly potent against many cancer lines, BisRoc-1 

retained potency against some but was several orders of magnitude less potent against others. This 

effect is unique from what is typically demonstrated by other linked molecules; rather than 

improving an already potent molecule, dimerization greatly increased its cell line specificity. 

Gene expression correlation data from tested cell lines and a genome-wide CRISPRi screen 

revealed that this change could not be attributed to a single gene but was due to several key 

chemical genetic interactions. We hypothesize that each of the genes followed up on contributed 

to differences in potency in part by tuning the intracellular levels of BisRoc-1, whether through its 

influx, efflux, or cellular retention. CaCo-2 assays show that BisRoc-1 is essentially impermeable 

to the cellular membrane. We confirmed our previous work, showing that BisRoc molecules 

depend on IFITM proteins for cellular entry and this dependence correlates strongly with linker 

length. On the opposite end of the spectrum, the multi-drug efflux pump ABC transporters were 

the top resistance hits for BisRoc-1. Comparing their effect on the RocA monomer to its dimer is 

the first direct confirmation that large, linked molecules are better ABC transporter substrates than 

the unlinked monomers.  This effect can be found in other screens against linked molecules like 
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PROTACs but has not been directly investigated before. Several translation initiation factors were 

hits in the CRISPRi screen, the strongest of which was eIF4A2. 

We hypothesize that BisRoc-1 could have increased cellular retention in cells with higher 

eIF4A1 and eIF4A2 protein levels because the molecule’s two eIF4A binding sites help maintain 

it in proximity to eIF4A multimers and binding to eIF4A2 as well could increase the protein-bound 

fraction of molecule (similarly to the mechanism of rapamycin binding to FKBP12). More work 

will have to be done to confirm if this is indeed the mechanism by which eIF4A2 levels and 

BisRoc-1 potency is correlated. Testing a methylated BisRoc molecule and unmethylated RocA 

molecules suggest that methylation of this molecule is not the reason for eIF4A2 dependency and 

dimerization could be a factor. 

Finally, the BisRoc series acts a proof of concept that RocA activity can be altered by 

linking it to other small molecules. Here we show that simply dimerizing the molecule alters key 

chemical genetic interactions, but we expect that this series of linked molecules could be greatly 

expanded to explore other possibilities. Small molecule targeting of RNA has long proved a 

challenge, but RocA could be used as a starting scaffold to link to small molecules that have been 

reported to bind other sequences or secondary structure in RNA to alter the sequence specificity 

of RocA. Additionally, linking RocA to other molecules targeting RBPs could introduce new 

protein-protein or protein-RNA interactions to apply concepts that have become mainstream in the 

protein world, such as targeted degradation or introduction of PTMs, to RNAs bound by RocA. 

We tested a Roc-RIBOTAC molecule as a proof of concept and, although it did not show signs of 

RNA degradation, we believe that it does not rule out the possibility of this type of molecule 

working and much more work could be done testing other linkers and RNase ligands. 
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Overall, this work furthers our knowledge of mechanisms governing cellular activity 

generally for larger linked small molecules and specifically for RocA derivatives. 

 

Materials & Methods 

Cell culture and reagents 

            K562 CRISPRi and CRISPRa cell lines were a gift from Luke Gilbert at UCSF and 

generated as previously described (#). OE-19 cell lines were a gift from John Gordan at UCSF. 

HEK293T (CRL-3216), A673 (CRL-1598), SW403 (CCL-230), HCC1187 (CRL-2322), and NCI-

H1155 (CRL-5818), NCI-H196 (CRL-5823) cell lines were purchased from ATCC. HEL, HEL 

92.1.7, 769-P, G-401, and KELLY cell lines were purchased from the UCSF Cell and Genome 

Engineering Core. All cell lines were grown at 37°C with 5% CO2 and in media and supplements 

as specified by ATCC. Cells were tested for mycoplasma with the MycoAlert PLUS Mycoplasma 

Detection Kit (Lonza LT07-701). Cells were counted by a Countess II FL Automated Cell Counter 

(Thermo Fisher), Attune II flow cytometer, and Attune Nxt flow cytometer (Thermo Fisher). 

Rocaglamide A was purchased from MedChemExpress (HY-19356) and BisRoc-1, BisRoc-2, and 

BisRoc-3 were synthesized as described previously. All compounds were stored as 10 µM-10 mM 

solutions in dimethyl sulfoxide (DMSO) at -20°C. 

 

Cell panel viability screen 

             High-throughput drug screening was performed as previously described (Garnett et al, 

2012; Lou et al, 2022). 300 cancer cell lines were grown in medium supplemented with 

penicillin/streptomycin and 5% FBS and grown in a humidified atmosphere at 37°C with 5% CO2. 

All cell lines were grown in RPMI or DMEM/F12 medium to facilitate high-throughput screening 
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and to minimize potential effects of different media on drug sensitivity. Cells were seeded in 384 

well plates at varying density to ensure optimal growth of each cell line over the course of the 

experiment. Tumor subtypes with suspension cells were treated with drugs on the same day as 

seeding and tumor subtypes with adherent cell lines were treated the following day. Tumor 

subtypes with a mixture of suspension and adherent cells were treated the same day (eg: small cell 

lung cancer cell lines were all treated on the day after seeding). Compounds were given in duplicate 

at 9 doses with a 3-fold dilution factor. The highest dose of RocA was 1 µM and the highest dose 

of BisRoc-1 was 3 µM. A Day 0 readout was done for growth-rate normalization. Cell viability 

was determined by CellTiter-Glo after five days of compound treatment and compound-treated 

wells were normalized to DMSO-treated wells. 

 

Correlation analysis between cell viability and gene expression 

            Dose-dependent inhibition of 298 cancer cells line by RocA and BisRoc-1 was determined 

as described above. Correlations of drug sensitivity were determined using the cellpanelr web-app 

and R package (biorxiv citation) with gene expression and proteomics data obtained from the 

DepMap (22Q1 release) and plotted in Prism 9 (GraphPad Software). 

 

Genome-wide CRISPRi screen 

            K562 CRISPRi cells were grown at 37°C and 5% CO2 in 1 L Nalgene Disposable 

Erlenmeyer flasks with Vented Closure (Thermo Scientific 4112-1000) in a shaking culture (1300 

rpm) in a Multitron Incubator (Infors HT). Cells were cultured in RPMI (Gibco) supplemented 

with 10% fetal bovine serum (FBS) (Avantor Seradigm), penicillin (100 U/mL, Gibco), 

streptomycin (100 µg/mL, Gibco), glutamine (29.2 µg/mL, Gibco 10378016), and 0.1% Pluronic 
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F-68 (Gibco, Thermo 24040032). Cells were transduced with the 5-sgRNA/gene human CRISPRi 

v2 library (hCRISPRi-v2) with 8 µg/mL polybrene. Library virus was tittered to maximally 

transduce cells while maintaining a multiplicity of infection (MOI) less than 1. Transduction 

efficiency and cell growth and viability was monitored daily throughout the experiment by flow 

cytometry (Attune II, Thermo Fisher). sgRNA+ cells were selected with doses of 1 µg/mL 

puromycin at 48 and 72 hrs post-transduction until the population was 80-90% sgRNA positive, 

then cells were allowed to recover in fresh media for 24 hrs before compound treatment. T0 

samples were collected before treatment at approximately 750-fold coverage of the library (750 

million cells) and the rest of the cells were split into 4 treatment arms with 2 biological replicates 

per arm: DMSO, 10 nM RocA, 5 nM BisRoc-1. Cells were cultured at a minimum of 750- to 1000-

fold library coverage and continued to be monitored daily by flow cytometry. Dilutions were made 

daily as necessary with media supplemented with treatments at the indicated concentration to 

maintain selective pressure until the end of the experiment on Day 11 of compound treatment. The 

only exception was the BisRoc-1 treatment arms, in which compound was removed after Day 5 of 

treatment in order to decrease selective pressure to maintain adequate library coverage. Samples 

were harvested on Day 11 at a minimum of 1000-fold coverage (or 750-fold coverage for BisRoc-

1 arms). NucleoSpin Blood XL kits (Macherey-Nagel, Takara Bio 740950.10) were used to extract 

genomic DNA (gDNA) from all samples and sgRNA protospacers were amplified directly from 

this with Ti Taq polymerase (Takara Bio 639209), analyzed on an Agilent Tapestation on an High 

Sensitivity DNA D1000 ScreenTape (Agilent 5067-5584 and 5067-5585), and then sequenced on 

an Illumina HiSeq 4000 through the UCSF Center for Advanced Technology (UCSF CAT, 

supported by UCSF PBBR, RRP IMIA, and NIH 1S10OD028511-01 grants). 
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Individual sgRNA cloning 

            sgRNA protospacers targeting individual genes or a negative control were chosen from the 

library (Table 3.1) and cloned into the vector pCRISPRia-v2 (Addgene 84832) as previously 

described. Complementary oligonucleotides (Integrated DNA Technologies) were annealed by 

mixing in Nuclease-Free Duplex Buffer (Integrated DNA Technologies) and heated at 95°C for 5 

min, then cooled at 22°C for 1 hr. The vector pCRISPRia-v2 was digested by BstXI and BlpI (New 

England Biolabs) and gel purified, then ligated to the annealed duplex with fresh T4 DNA Ligase 

(New England Biolabs M0202S). Ligated plasmids were transformed into Stellar Competent Cells 

(Takara Bio 636763) and grown overnight. Individual colonies were grown overnight in 3 mL 

liquid cultures, plasmids were purified with the Qiagen Spin Miniprep Kit, and sequenced by 

standard Sanger sequencing (Elim Bio). 

 

Lentivirus production 

            HEK293T cells were plated (5e5 cells) in 3 mL media in a 6 well plate and grown 

overnight. Plasmids were transfected with sgRNA vectors and transfection reagents following the 

TransIT-LT1 transfection protocol (Mirus MIR2300). Additional media (1.5 mL) was added 48 

hrs post-transfection and virus was harvested, aliquoted, and immediately used or frozen at -80°C. 

 

Stable cell line generation 

            K562 CRISPRi cells (2e5) were seeded in 1 mL media in 24-well plates, grown overnight, 

and treated with lentivirus containing individual sgRNA vectors (this vector also contained blue 

fluorescent protein (BFP) and puromycin resistance for cell selection) and 8 µg/mL polybrene 

(Fisher Scientific TR-1003-G). Cells were treated with 2 µg/mL puromycin (Invivogen ANT-PR-
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1) beginning 48 hours post-transduction and puromycin was maintained for 10 days until 

populations were pure by flow cytometry. Knockdowns were checked by immunoblotting and cell 

line stability was routinely checked by flow cytometry and immunoblotting over the course of 

subsequent experiments. 

 

Cell viability assays 

            Cells were seeded (1e4 K562 or 2-5e4 of slow growing cell lines) in 90 µL media in 96 

well plates and grown overnight. All wells along the edges of the plate were instead filled with 

200 µL PBS to help prevent evaporation over the course of the assay. Cells were treated in 

triplicate with compounds in 10 µL media with 0.1% DMSO. Compounds were given in 2-fold or 

3-fold dilution with a highest final concentration of 1 µM or 500 nM. Plates were incubated at 

37°C with 5% CO2 for 72 hrs following treatment, then cooled at room temperature for 20 min. 

100 µL of a solution of 1:5 CellTiter-Glo (Promega G7572) to PBS was added per well and plates 

were shaken for 20 min to mix before luminescence was read out on a Tecan Spark plate reader. 

 

Immunoblotting 

            Cells were seeded (0.7e6 HEK 293T or 0.5e6 K562) in 3 mL media in a 6-well plate and 

grown overnight, then treated with compounds in 0.1% DMSO. HEK293T cells were harvested 

by scraping after incubating 5 min in ice-cold phosphate-buffered saline (PBS, Gibco 100110049). 

Cells were pelleted by spinning at 500g for 5 min, then washed twice with ice-cold PBS. Cell 

pellets were snap frozen and stored at -80°C. Cells were lysed by incubating 10 min on ice in lysis 

buffer [100 mM Hepes (pH 7.5), 150 mM NaCl, and 0.1% NP-40] with mini-cOmplete Protease 

Inhibitor Cocktail Tablets (Sigma 11836170001) and PhosSTOP (Roche 4906837001), then 
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centrifuged at 18,000g for 20 min. Protein concentrations of the clarified lysates were determined 

by Bradford (Biorad 5000006) on a Nanodrop and lysates were normalized with lysis buffer. 

Proteins were separated on 4-12% Bis-Tris gels (Thermo Fisher) by polyacrylamide gel 

electrophoresis (PAGE) and transferred to 0.2 um nitrocellulose membranes (Biorad) in ice-cold 

Towbin buffer. Membranes were blocked in 5% bovine serum albumin (BSA, Millipore 12659) in 

Tris-buffered saline, 0.1% Tween 20 (TBS-T) with 0.02% NaN3. Primary antibodies against the 

following targets were used to probe the membranes: Cyclin D3 (DCS22, 2936), Cyclin D1 (92G2, 

2978), c-MYC (D84C12, 5605), B-actin (8H10D10, 3700), GAPDH (14C10, 2118), TUB 

(DM1A, 3873), CDK 4 (D9G3E, 12790), CDK 6 (D4S8S, 1331 and DCS83, 3136), IFITM1 

(13126), IFITM2 (13530), IFITM3 (59212) from Cell Signaling Technology, pan-Ras (ab108602) 

and eIF4AI (ab31217) from AbCam, PTGES3 (MAB-100391-100) from  R&D Systems, eIF4AII 

(H-5, SC-137148) from  Santa Cruz Biotechnologies. Primary antibodies were diluted 1:1000 in 

blocking buffer (except for PTGES3, which was diluted 1:250). Membranes were probed 

overnight with IRDye secondary antibodies (Li-COR) diluted 1:10,000 in blocking buffer, read 

out on an Odyssey imager (Li-COR), and analyzed on Image Studio Lite 5.2.5 software (Li-COR). 
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Figures 

 

Figure 3.1 Design and testing of RocA dimers (BisRoc). A) Crystal structure of eIF4A1 (blue), 
RocA (grey), and poly-AG RNA (pink) in a ternary complex (PDB: 5ZC9) reveals 14 Å distance 
between RocA molecules bound to eIF4A1 in adjacent packing units. B) Proposed model of a 
BisRoc molecule (gray) bound to two interacting copies of eIF4A. C) Close up of RocA-binding 
site shows solvent-exposed amide that can be used for RocA derivatization. D) Structures of RocA 
and BisRoc molecules. E) BisRoc molecules were tested in a 3-day cell growth assay in K562 
cells. F) Western blot of established RocA targets shows lowered protein levels when treated with 
RocA or BisRoc-1. K562 cells were treated 24 hrs with 0.1% DMSO or 1, 3, 10, 30, 100, or 300 
nM compound. 
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Figure 3.2 Synthesis and testing of RocA dimers (BisRoc). A) General one-step synthetic 
scheme to synthesize BisRoc molecules from rocagloic acid. B) Western blot of established RocA 
targets shows lowered protein levels when treated with RocA or BisRoc molecules. K562 cells 
were treated 24 hrs with 0.1% DMSO or compound. C) BisRoc molecules were tested in a 72 hrs 
cell growth assay in K562 cells. BisRoc-1 was chosen for further testing based on the results of B 
and C. 
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Figure 3.3 RocA and BisRoc-1 show different cell specificities in a cancer cell line panel. A) 
RocA and BisRoc-1 were tested in a 5-day cell growth screen against 300 cancer cell lines to 
determine their potencies. B) A subset of cell lines was sensitive to RocA but several orders of 
magnitude less sensitive to BisRoc-1, which recapitulated in an independent 3-day cell growth 
assay. C) A subset of cell lines was sensitive to RocA and similarly sensitive to BisRoc-1, which 
recapitulated in an independent 3-day cell growth assay. D) Gene expression data (DepMap) for 
297 cell lines was correlated with RocA potency in the screen. E) Gene expression data (DepMap) 
for 297 cell lines was correlated with BisRoc-1 potency in the screen. Genes of interest that 
significantly correlated are marked in red. F) RocA and BisRoc-1 were tested in a CaCo-2 assay 
where RocA was able to pass through the cell membrane but BisRoc-1 was not. 
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Figure 3.4 RocA and BisRoc-1 show different specificities in a cancer cell line panel. A) RocA 
potency values in a cancer cell line panel are plotted against BisRoc-1 potencies. K562 is marked 
in blue. Labeled cell lines marked in red were chosen for independent validation. B) A subset of 
cell lines was sensitive to RocA but several orders of magnitude less sensitive to BisRoc-1. C) A 
subset of cell lines was sensitive to RocA and similarly sensitive to BisRoc-1. D) Gene expression 
data for 298 cell lines (DepMap) was correlated with the difference between BisRoc-1 and RocA 
sensitivity.  
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Figure 3.5 CRISPRi screen reveals chemical genetic interactors affecting BisRoc-1 potency. 
A) Cumulative growth curves for each treatment arm over the course of the 11-day genome-wide 
CRISPRi screen in K562 cells. BisRoc-1 was removed from both replicates on Day 7, while RocA 
treatment remained constant throughout. B) Volcano plot of growth phenotype scores for 
individual genes for the RocA-treated population. Genes marked in red did not have a significant 
growth phenotype for RocA but did for BisRoc-1 (except for EIF4A1 and IFITM3, which were 
nonsignificant in both). C) Volcano plot of growth phenotype scores for individual genes for the 
BisRoc-1 treated population. 
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Figure 3.6 CRISPRi screen validation. A) RocA and BisRoc-1 were tested in a 3-day cell growth 
assay using CRISPRa to overexpress IFITM1-3. B) CRISPRi was used to make cell lines with 
partial EIF4A2 knockdowns. Knockdowns were validated by Western blot and re-validation over 
time showed that protein expression levels partly recovered over a 30 day period. C) RocA, 
BisRoc-1, and Zotatifin were tested in a 3-day cell growth assay in EIF4A2 knockdown cells from 
Panel B. 
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Figure 3.7 Methylation of the RocA or BisRoc-1 amide does not affect dependence of 
compound sensitivity on eIF4A2 levels. A) Crystal structure of RocA bound to eIF4A1 with 
methylated amide and D198 shown (PDB: 5ZC9). B) Synthetic route for mono- and unmethylated 
RocA (CW-Roc-01 and CW-Roc-02). C) Synthetic route for methylated BisRoc-1 (CW-Roc-04). 
D) The new series of compounds was tested in a 3-day cell growth assay in K562 cells with a 
negative control guide (GAL4) or EIF4A2 knockdowns. Potency of RocA, Zotatifin, CW-Roc-01, 
and CW-Roc-02 did not change with EIF4A2 knockdowns. BisRoc-1 and CW-Roc-04 were less 
potent with EIF4A2 knockdowns. 
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Figure 3.8 Roc-RIBOTAC synthesis and testing. A) Synthetic scheme of one-step reaction of 
rocagloic acid and RIBOTAC precursor to make Roc-RIBOTAC. B) Roc-RIBOTAC was tested 
in a 3-day cell growth assay in K562 cells. C) Roc-RIBOTAC was tested against established RocA 
targets and protein levels were determined by Western blotting. K562 cells with treated 24 hrs 
with 0.1% DMSO or compound. D) In the same experiment as C, gene expression levels for the 
tested RocA targets were determined by qPCR, as well as expression levels for the house-keeping 
protein GAPDH. 
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Tables 

Table 3.1 CRISPRi sgRNA protospacer sequences. Protospacer sequences were chosen from 
the hCRISPRi v2 Top 5 Library (Horlbeck et al, 2016) and oligos ordered and cloned into 
expression vector as previously described (Horlbeck et al, 2016; Lou et al, 2022; Chapter 3). 

sgRNA name Sequence 
eIF4A2 sgRNA1 GCGCCCGACTGAAAAGACAG 
eIF4A2 sgRNA2 GGCATACCTGTTATAATCCG 
eIF4A2 sgRNA3 GCGCCGCTGTCTTTTCAGTC 
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