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Abstract 

 The ProQ/FinO family is an emerging group of RNA binding proteins that are critical for 

sRNA-mediated gene regulation in proteobacteria. The ProQ/FinO domain of these proteins 

recognizes a transcriptional terminator, hairpin-tail structure, to regulate gene expression. The 

important role of the ProQ/FinO domain in RNA binding was well-studied, however, the molecular 

mechanism remained unclear due to a lack of structural information of ProQ/FinO proteins in 

complex with their target RNAs. To understand how the ProQ/FinO domain recognizes RNA in 

molecular detail, we chose to study RocC, a ProQ/FinO domain containing protein and its sRNA 

partner RocR.  

The structure of the ProQ/FinO domain of RocC in complex with the RocR transcriptional 

terminator was determined using X-ray crystallography at 3.2 Å resolution. Two conserved 

structural motifs within RocC were identified that were the major contact points for RocR. One 

was an N-cap motif which recognized the A-form structure of one strand at the base of the RocR 

hairpin. The other was a positively charged pocket containing a -turn--helix motif that 

recognized the last two 3’ nucleotides of the 3’ single-stranded tail.  

 Structure-guided mutagenesis demonstrated essential residues for RocC:RocR binding in 

vitro and transformation repression in vivo. As the structure revealed, mutations in the N-cap motif 

and the 3’ binding pocket weakened binding and impaired biological function of RocC. Binding 

assays of RocC with a 10 nucleotide single-stranded RNA, which showed direct contact with RocC 

in the crystal structure, was tested using isothermal calorimetry (ITC). The dissociation constant 

(KD) decreased 19-fold compared to the intrinsic terminator, suggesting that A-form helical 

structure is required for tight binding to restrain conformation of 3’ side lower stem. The 
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substitution of the 3’ hydroxyl group to a phosphate completely disrupted binding with RocC. This 

result corroborated the 3’ hydroxyl group recognition by RocC observed in crystal structure.  

 An analysis of the conservation of the RocC RNA contact surfaces across the ProQ/FinO 

family suggests that the principles of RNA recognition from the RocC:RocR structure will hold 

for many members of this family. 
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The studies in this thesis are original works by Hyeong Jin Kim with collaborations and 
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 2 

1.1. RNA is central to the regulation of gene expression in all kingdoms of life 

Three decades ago, scientists predicted that the protein-coding genome would be “only” 

3% of the human genome (It turned out to be approximately 1%), and 97% of the remaining non-

coding DNA was termed junk DNA (Nowak, 1994). However, a large body of research over the 

last decades have revealed increasingly diverse roles for non-translated RNAs in all kingdoms of 

life. For example, the XIST (X inactive specific transcript) gene was reported as an essential 

regulator for inactivating the X chromosome in mouse and humans (Brockdorff et al., 1992). The 

XIST gene is approximately 15k base-pair in size and lacks an open reading frame. XIST was 

shown to regulate the X chromosome directly, indicating its inhibitory function is rooted in the 

XIST (RNA). Subsequent work has revealed different classes of regulatory RNAs in eukaryotes, 

such as miRNA and siRNA, which expand the knowledge of regulatory RNAs (Morris & Mattick, 

2014).  

The fraction of non-coding DNA in prokaryotes is smaller than in eukaryotes, but it is still 

significant. An analyses of 39 bacteria and 11 archaea revealed that the average portion of non-

coding DNA was 18%, except for Mycobacterium leprae (50%) and Rickettsia prowazekii (24%) 

(Rogozin et al., 2002). The growing discoveries of RNA’s regulatory functions changed the 

concept of non-coding RNA from junk DNA to RNA regulators in gene expression (Inouye & 

Delihast, 1988; Karen Montzka Wassarman et al., 1999). An early example of a regulatory RNA 

system in prokaryotes was RNAI and RNAII in the ColE1 plasmid (Stougaard et al., 1981; 

Tomizawa et al., 1981). RNAI and RNAII are cis-acting RNAs that are encoded in opposite 

strands. RNA II is processed by RNase H, and this digested RNAII serves as a primer for plasmid. 

This activity of RNA II is however repressed by interactions with its antisense RNA partner, 

RNAI. Duplex formation is initiated by kissing interactions between complementary loops from 

the two RNAs, as revealed by solution state NMR. This loop-loop interaction between RNAI and 

RNAII requires the protein Rop (also referred to as Rom) to enhance the duplex formation of non-

kissing parts of the RNAs and to stabilize these interactions (Tomizawa & Som, 1984). Subsequent 

discoveries have revealed other classes of regulatory RNAs in addition to antisense RNAs. These 

include sRNA regulators(Gottesman & Storz, 2011; Inouye & Delihast, 1988), regulatory elements 

in mRNA 5’ UTRs (often called riboswitches) (Garst et al., 2011) CRISPR mediated adaptive 

immunity (Ishino et al., 2018; Jiang & Doudna, 2017).  
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1.1.1. Advantages of RNA-based gene regulation 

A large portion of gene regulation in bacteria is dependent on RNA regulators compared 

to eukaryotes. For example, the thiamine pyrophosphate (TPP) riboswitch is the only reported 

riboswitch system in eukaryotes to date (Winkler et al., 2002) on the other hand, riboswitches in 

Bacillus subtilis control ~4% of genes  (Mandal et al., 2003). Transcriptomics has revealed that 

the major bacterial RNA chaperone Hfq, together with its interacting sRNAs, influences more than 

20% of genes in Escherichia coli and Salmonella enterica (Chao et al., 2012; Tree et al., 2014).  

RNA regulators enable bacteria to respond quickly to changing environments. DNA stores 

genetic information which must be first transcribed into mRNA and subsequently translated into 

protein. RNA-based methods allows regulation at different stages along this information flow, 

potentially at the transcriptional, post-transcriptional (translational), or post-translational levels. 

RNA regulation is often at the post-transcriptional level, targeting the mRNA to control its 

translation. This form of regulation has been described as an efficient mechanism which conserves 

valuable cellular resources (Beisel & Storz, 2010; Liang et al., 2011; Waters & Storz, 2009). Other 

potential advantages of RNA regulation have been reviewed (Gottesman & Storz, 2011; 

Narberhaus & Vogel, 2009; Waters & Storz, 2009). In the next sections I will discuss three 

different classes of regulatory RNAs that play major roles in the regulation of bacterial gene 

expression: the riboswitch, CRISPR, and sRNA-mediated gene regulation.  

 

1.1.2. Riboswitch 

 Some mRNAs contain regulatory elements that can regulate their expression by controlling 

their transcription and translation in response to changing environments. These regulatory 

elements are called riboswitches, and are often located in mRNA 5’ UTR. Riboswitches comprise 

two modular domains: an aptamer domain and an expression platform (Figure 1-1A). Ligand 

recognition through the aptamer domain triggers the rearrangement of the expression platform to 

an alternative secondary structure. Aptamer ligands can be diverse, including small chemicals, 

coenzymes, metal ions, S-adenosylmethionine (SAM), and even tRNA (Sherwood & Henkin, 

2016). Riboswitches are an important mode of regulation in bacteria. For example, approximately 

4% of B. subtilis genes are under the control of riboswitches (Mandal et al., 2003). The TPP 
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riboswitch is one of the earliest reported and well-studied systems (Mironov et al., 2002; Winkler 

et al., 2002). This well-conserved system is found in bacteria, archaea, and even fungi (Griffiths-

Jones et al., 2005; Rodionov et al., 2002; Sudarsan et al., 2003). In E. coli, two distinct TPP 

riboswitches exist, thiM and thiC, which are involved in the thiamine biosynthesis. Both are 

located in the 5’ UTR region and regulate translation initiation by interacting with TPP through 

the thi box (Ontiveros-Palacios et al., 2008; Winkler et al., 2002). Aptamer binding causes the 

steric hindrance of the AUG start codon, thereby repressing translation initiation. Both thiM and 

thiC, bind their thiamine-based ligands with high affinity (Winkler et al., 2002). For example, thiM 

bound TPP ~10-fold and 100-fold more tightly than TMP and thiamine, respectively. thiC bound 

TPP ~10-fold tighter than thiM, and the selectivity for TPP compared to TMP and thiamine was 

greater than 1,000-fold (Winkler et al., 2002). Riboswitches are also involved in gene expression 

at the transcriptional level. The thiM TPP riboswitch is located in the 5’ UTR of the thiMD operon, 

which encodes essential proteins for thiamine biosynthesis. Binding of TPP to the thiM riboswitch 

Figure 1-1. Regulatory RNAs in bacteria.  

(A) Riboswitch. (B) CRISPR-Cas9. (C) sRNA-mediated gene regulation. 
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triggers the formation of a Rho-independent terminator that leads to premature transcription 

termination (Bastet et al., 2017).  

 

1.1.3. CRISPR-RNA 

 Clustered regularly interspaced short palindromic DNA repeats (CRISPR) were discovered 

in E. coli more than 30 years ago. As the name implies, repeated sequences are separated by 20-

60 base-paired spacer elements. Sequence analysis revealed that similar repeats were found in 

various bacteria and archaea, meanwhile, the spacer DNA was highly similar to existing DNA 

from bacteriophage and conjugative plasmids (Mojica et al., 2005). Bolotin and colleagues 

discovered the inverse correlation between phage infection sensitivity and the number of spacers 

from the particular phage (Bolotin et al., 2005). Focusing on nuclease genes (cas) adjacent to 

CRISPR elements, they suggested that the acquired spacer sequence might target exogenous donor 

DNA and cleave DNA in association with the Cas5 endonuclease (COG3513, Cas5 is renamed to 

Cas9). The correlation between phage resistance and the spacer was directly tested by inserting the 

phage genome into the spacer region, resulting in resistance to phage infection (Barrangou et al., 

2007). The deletion of the inserted gene made the bacteria vulnerable to phage infection. 

Strikingly, deletion of adjacent cas5 (cas9) gene impaired the acquired immunity in the presence 

of the inserted spacer DNA from the donor. CRISPR DNA repeats transcribed into pre-crRNA and 

tracrRNA, small noncoding RNA, binds through the repeated sequence in pre-crRNA. Formation 

of the pre-crRNA:tracrRNA complex leads to crRNA maturation by RNase III digestion 

(Deltcheva et al., 2011). tracrRNA and crRNA forms the gRNA, or guide RNA, complex, which 

then recruits the Cas protein. The single-stranded crRNA guides this complex to specific 

complementary DNA sequence (Figure 1-1B). The CRISPR and Cas protein work together to 

achieve immunity against the phage. The CRISPR-Cas mechanism of targeted DNA cleavage was 

probed by biochemical experiments (Jinek et al., 2012). Point mutations in the HNH and RuvC-

like domains of the CRISPR nuclease demonstrated that these individual domains digest the 

complementary and noncomplementary strands, respectively. The two RNAs, tracrRNA and 

crRNA, can be connected through a short linker named single-guided RNA (sgRNA) without 

disturbing nuclease activity. The understanding of the CRISPR system expanded the physiological 
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roles of regulatory RNA in prokaryotes and provided a novel platform for gene editing (Jinek et 

al., 2012).    

1.1.4. sRNA-mediated gene regulation 

 Bacterial sRNAs (small RNAs) are short transcripts ranging from 50 to 300 nucleotides in 

size (Beisel & Storz, 2010; Gottesman & Storz, 2011). sRNAs generally modulate gene expression 

through interactions with target mRNAs, often with the assistance of accessory RNA chaperone 

proteins.  

sRNA-mediated gene regulation is achieved mainly by base-pairing with mRNA (Figure 

1-1C) (Beisel & Storz, 2010; Gottesman & Storz, 2011). sRNA often downregulates target gene 

expression by interacting through the mRNA 5’ UTR  (Arthur et al., 2003; Baker et al., 2007; 

Smirnov et al., 2017), near or at the ribosome binding site (RBS) to block its interaction with the 

3’ end of the 16s rRNA. Sometimes, sRNA base-pairing with the mRNA affects stability to 

promote RNase-induced degradation of the duplex. It is less common than in the previous case, 

but sRNAs can also upregulate the target gene (Papenfort & Vanderpool, 2015). In this case, the 

RBS is sequestered in a secondary structure, but becomes exposed upon interaction of the sRNA 

with the mRNA and subsequent conformational rearrangement.  

sRNA-mediated gene regulation can be divided into cis-acting and trans-acting depending 

on where the sRNA was derived (Beisel & Storz, 2010; Gottesman & Storz, 2011). Cis-acting 

sRNAs (antisense RNA) are encoded in the strand complementary to the target strand. This perfect 

complementarity provides precise regulation toward a single target RNA. On the other hand, the 

genomic locus of trans-acting sRNA is not dependent on the locus of the target gene. Trans-acting 

sRNAs usually only pair with their targets through more limited base pairing. Due to this imperfect 

complementarity, one sRNA can target multiple genes (Attaiech et al., 2016) or multiple sRNAs 

can regulate a single mRNA (De Lay & Gottesman, 2012). Due to the highly structured nature of 

many of these RNAs, they often require specialized RNA binding proteins, called RNA 

chaperones, to remodel their structure to achieve their biological roles.   
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1.2. History of RNA structural biology: from the fiber diffraction to high-resolution 

studies 

 The knowledge of RNA structures in textbooks results from decades of efforts and passion 

from structural biologists. In 1956, 3 years after the double-helical structure of DNA, Rich and 

Davies obtained fiber X-ray diffraction of the poly A:U RNA duplex, showing the features of the 

double helix but different from the patterns obtained from double helical DNA. The first short 

double-helical RNA structure from dinucleotides of ApU and GpC at atomic resolution in 1973 

visualized detailed features hypothesized from the earlier fiber diffraction.  In 1965, Holley and 

colleagues successfully purified transfer RNA, tRNA, from yeast (Holley et al., 1965). RNase 

digestion of tRNA was used to propose conserved secondary structure models, all of which 

contained exposed D loop, P loop, and anticodon loops with a 3’ overhang. In 1974, one of the 

three was predicted to be the now familiar cloverleaf structure which turned out to be conserved 

in tRNAs. Kim and colleagues determined the first crystal structure of a tRNA, yeast tRNAPhe in 

the 1970s (S. H. Kim et al., 1974). This ~ 80 nucleotides tRNA structure determination provided 

insights on RNA folding. The tRNA structure was significantly folded in 3D, and revealed tertiary 

interactions such as coaxial stacking, loop-loop interaction, U-turn, etc (Figure 1-2A). The D-loop 

(7-11 nucleotides) and T-loop (5 nucleotides with consensus sequence, U(G/U)NR(A/U)) are 

connected to the anticodon hairpin, containing a U-turn (Figure 1-2B-D). The exposed D-loop and 

T-loop interact through the interdigitated stacking of bases and trans base-pairing involving both 

Watson-Crick and Hoogsteen interactions (Figure 1-2E, F). More RNA structures were determined 

through the 1990s, such as the hammerhead ribozyme and the group I intron. The accumulation of 

RNA structures confirmed various secondary structures predicted through phylogenetic 

comparison. In addition, these structures visualized the formations of tertiary structures involving 

unusual contacts through internal loops and hairpin loops. For example, the P4-P6 domain of the 

160 nucleotide group I intron provided the three-dimensional structures of secondary structural 

motifs, such as the A-rich bulge, tetraloop, internal loop, and hairpin loops, and tertiary structural 

motifs, such as coaxial stacking, the ribose zipper, and tetraloop-receptor (Cate et al., 1996). The 

landmark determination of the crystal structures of the 30S and 50S ribosomal subunits, which 

consist of ~1500 nucleotides and ~3000 nucleotides, respectively, greatly expanded the RNA 

structure database in the 2000s (Ban et al., 2000; Wimberly et al., 2000). 
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Figure 1-2. Structure of transfer RNA.  

(A) Tertiary structure of tRNAAsp. (B) Loop of D arm. (C) U-turn in anticodon hairpin. C36 

phosphate oxygen and U33 base form a hydrogen bond to stabilize the sharp U-turn. G35, U35, 

and C36 are the anticodon triplet. (D) Loop of T arm. N and N+4 residues form A-U base 

pairing. (E) Tertiary interactions between the D-loop and T-loop. Stacking interactions between 

A57-G17-A56 and Watson-Crick base pairing between G18 and C55. (F) Watson-Crick/ 

Hoogsteen pairs between A 14 and U9, forming additional hydrogen bonds with the third base. 
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 The understanding of RNA structural motifs promoted the understanding of protein:RNA 

interactions which is critical to understand their biological roles. In 1991, a few years earlier than 

structure of hammerhead ribozyme was revealed, the structure of tRNAGln in complex with 

glutaminyl-tRNA synthetase revealed the first structure of a protein bound to an RNA (Rould et 

al., 1991). The structure showed that the tRNA synthetase recognized the tRNA secondary 

structure, such as loop and stem, and single stranded regions. This was the first of many tRNA 

synthetase-tRNA complex structures, which revealed diverse ways in which these enzymes 

specifically recognized their cognate tRNAs. A few years later, the first structure of a non-tRNA 

RNA bound to a protein was determined; that of the spliceosomal U1A RNA recognition module 

(RRM) bound its U1A target RNA hairpin. The structure revealed the importance of conserved 

aromatic residues in the RRM that stack with unpaired bases in the hairpin loop (see further 

discussion of RRM domains below) (Chris Oubridge et al., 1994). Accumulation of structural data 

from complex ribonucleoprotein assemblies, such as ribosomes and spliceosomes in the early 

2000s (Ban et al., 2000; Wimberly et al., 2000) to recent CRISPR-CAS9 structures, has expanded 

our understanding of how proteins interact with RNAs to perform their biological roles.  

 

1.3. RNA binding proteins recognize target RNA through structure and sequence 

 RNA binding proteins (RBP) interact with RNA to perform gene regulation and diverse 

cellular roles. RBPs bind specifically to target RNAs by recognizing unique structural features or 

sequences. In general, eukaryotic proteins possess modular domain organizations and many RBPs 

contain multiple RNA binding motifs/domains which work together to recognize RNAs (Cléry & 

Allain, 2012). This modular architecture can be beneficial to increase specificity and binding 

affinity (Dong et al., 2004). Meanwhile, RBPs in prokaryotes tend to have a single or few RNA 

binding motifs/domains (Holmqvist & Vogel, 2018). I will discuss a few RBP domains and motifs, 

focusing on RNA target recognition from structural perspectives.  

 

1.3.1. Double-stranded RNA binding domain  

 The double-stranded RNA binding domain (dsRBD) is a RNA recognition domain widely 

found in all kingdoms of life. The domain consists of approximately 70 amino acids and adopts an 
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 fold. dsRBDs are often a part of RNA processing proteins, such as the RNase III family, 

ADAR (Adenosine deaminase RNA-specific binding protein), and PKR (protein kinase R), 

helping these proteins to specifically interact with double-stranded RNA targets (Gan et al., 2006).  

  Figure 1-3A shows the structure of the dsRBD from Aquifex aeolicus RNase III (Gan et 

al., 2006). The structure reveals three distinct protein/RNA interfaces. Two minor grooves are 

recognized by the 1 helix and loop between 1 and 2 strands while a portion of the major groove 

is recognized by the N-terminus of the 2 helix. Multiple hydrogen bonding interactions are made 

between amino acid residues and 2’-hydroxyl groups of the ribose sugars exposed in the wide A-

form minor groove. There are also contacts to the bases via the minor groove as well as electrostatic 

recognition of the backbone phosphate groups (figure 1-3B, C, D).    

  

1.3.2. RNA recognition motif, a single-stranded RNA recognition motif 

 Among the most abundant of all RNA binding domains is the RNA recognition motif 

(RRM), which is generally involved in the recognition of single-stranded RNA. RRMs are more 

prevalent in eukaryotes than in other kingdom. 497 proteins in humans were reported that contain 

at least one RRM, which is approximately 2% of human genes (Maris et al., 2005). More than two 

RRMs are often found in a protein, and multiple RRMs provide higher specificity and binding 

affinity. For example, CUG-binding protein 1 (CUGBP1) contains tandem RRM1 and RRM2 

which together recognize their RNA targets with much higher affinity than the isolated domains 

(Teplova et al., 2010). 

Canonical RRMs are approximately 90 amino acids in size and generally consist of two -

helixes and four -strands. RRMs typically adopt a  topology (Figure 1-4A). The 

RRM is also defined by two sequence motifs called RNP1 (on 3) and RNP2 (on 1) (Maris et al., 

2005). These motifs are positioned in the center of the -sheet and play an essential role in RNA 

interactions, via conserved aromatic residues that stack with the bases of the RNA target (Figure 

1-4)(Cléry et al., 2008; Maris et al., 2005; Muto & Yokoyama, 2012). RRM1 from poly(A)-

binding protein in complex with poly(A) tail is an example in which three conserved tyrosine 

residues stack with the RNA bases (Figure 1-4B).  
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1.3.3. La protein recognizes 3’ poly(U) tails with specific recognition of the terminal 

3’ nucleotide 

 La protein is an RNA binding protein with roles in both the nucleus and cytoplasm of 

metazoans (Bayfield et al., 2021; Maraia & Bayfield, 2006). In the nucleus, the La protein binds 

to nascent Pol III transcripts to protect the RNA from ribonuclease, while in the cytoplasm La 

protein regulates translation. The canonical La motif is connected to an RNA recognition domain 

Figure 1-3. Structure of dsRNA in complex with dsRBD from A. aeolicus (PDB ID: 

2EZ6).  

(A) dsRBD interacts with dsRNA through three distinct surfaces. (B), (C), and (D) Zoomed 

in views of specific interactions.  
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(RRM) to form a La module. In some organisms like yeast, La has a flexible C-terminus containing 

an NLS (nuclear localization signal). La proteins from higher eukaryotes have an additional RRM 

after the La module (Bayfield et al., 2021). La proteins recognize nascent RNA polymerase III 

transcripts through their terminal UUU-OH 3’ motif to protect them against 3’-5’ exoribonuclease 

digestion. 

Figure 1-4. Structure of RRM and La motifs in complex with target RNAs.  

(A) RRM structure (PDB ID: 1CVJ). Conserved aromatic rings are coloured magenta. Base 

recognition residues are coloured purple. (B) Structure of RRM in complex with a poly(A) tract. 

(C) La motif from human poly(A)-binding protein (PDB ID: 1ZH5) (D) La motif in complex 

with UUU-3’OH. Conserved aromatic rings are coloured with blue. Base recognition residues 

are coloured magenta. (E) Electrostatic potential map of La motif with poly(U) tract.  
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The La motif is comprised of ~90 amino acids (Figure 1-4C). The Human La motif has 

two highly conserved tyrosine residues that stack with the terminal uridine bases, as well as 

additional interactions from residues in the La motif and the RRM (Teplova et al., 2006). The 

recognition of the terminal 3’ ribose is by Asp33, which forms hydrogen bonds through the 2’ and 

3’ hydroxyl groups and provides direct recognition of the RNA chain terminus, and is critical for 

high-affinity recognition of RNA (Figure 1-4D) (Uchikawa et al., 2015). The decrease in La 

binding affinity by replacing the 3’ hydroxyl group with phosphate further the demonstrates the 

importance of 3’ hydroxyl recognition the (Maraia & Intine, 2001). Although the crystal structure 

showed the La motif contributes as a primary binding surface for RNA, biochemical assays 

demonstrated that the La module, composed of a La motif fused to RRM1, is an indispensable 

RNA binding unit. The binding affinity of full-length human La protein and La module for a 9 

nucleotide poly(U) tract revealed that the La module alone binds 5-fold tighter than full-length La 

protein, indicating the La module is the main RNA binding surface (Ohndorf et al., 2001). Dong 

and colleagues tested the binding affinity of the individual motifs in the Trypanosoma brucei La 

protein (Dong et al., 2004). T. brucei full-length La protein and La modules showed similar binding 

affinities. However, both the La motif and RRM alone failed to bind RNA. Intriguingly, incubating 

the isolated La motif and RRM together with RNA still failed to show interactions with RNA, 

suggesting the La motif linked with RRM cooperatively binds to RNA.  

 

1.4. RNA chaperones – remodellers of RNA structure 

 RNA is a structured and versatile molecule that performs a myriad of biological roles 

through its dynamic nature. Due to kinetic traps in RNA folding, alternative conformations can be 

achieved through the action of protein cofactors called RNA chaperones. For example, the E. coli 

sRNA RyhB is dependent on the RNA chaperone Hfq (Geissmann & Touati, 2004). RyhB is a 

non-coding small RNA comprising 90 nucleotides that folds into three stem-loops. RyhB has a 

complementary sequence with sodB mRNA, which encodes iron superoxide dismutase. The sodB 

mRNA forms two stem-loops at the 5’ UTR, and the start codon is hidden in a bulge of the hairpin. 

RNase footprinting revealed that the conformation of the sodB mRNA hairpin, including the start 

codon, is rearranged by Hfq. This alternative form exposes the hidden complementary sequences 
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and allows them to hybridize with RyhB. This duplex is subsequently digested by RNase E 

(Geissmann & Touati, 2004). Hfq serves as a major RNA chaperone that facilitates base-pair 

destabilization and the promotion of RNA annealing without the consumption of ATP (Herschlag, 

1995; Rajkowitsch et al., 2007). In the following sections, I will summarize three dominant RNA 

chaperones in bacteria; Hfq, CsrA, and ProQ.  

1.4.1. Hfq, a prominent RNA chaperone in bacteria 

 Hfq was discovered as a host factor for replicating bacteriophage QB RNA in E. coli 

(Franze De Fernandez et al., 1968). Hfq is the largest posttranscriptional regulator, widely spread 

throughout proteobacterial species. Hfq facilitates extensive sRNA-mediated gene regulation 

(Kavita et al., 2018; Vogel & Luisi, 2011). Despite its prevalence across bacteria, the global 

influence of Hfq on gene regulation systems are quite different in gram-negative and gram-positive 

bacteria. A microarray analysis in the gram negative bacteria Brucella melitensis demonstrated the 

global influence of Hfq in the response to stress, regulation of metabolism, and virulence (Cui et 

al., 2013). Some studies showed that Hfq and its associated sRNAs regulate more than 20% of 

genes in E. coli and S. enterica (Chao et al., 2012; Tree et al., 2014). Meanwhile, the role of Hfq 

in gram-positive bacteria such as B. subtilis is limited compared to in gram-negative bacteria. 

Transcriptome changes were compared in the presence and absence of Hfq (Hämmerle et al., 

2014), revealing more limited impacts, such as on aerobic and anaerobic respiration control by 

ResD-ResE (Härtig & Jahn, 2012) and on the ComK regulon which controls competence 

development (Lopez et al., 2009). The impacts in sRNA abundance were limited in that only 6 out 

of ~100 known sRNAs were influenced by lack of Hfq (Hämmerle et al., 2014).  

  

1.4.1.1. Hfq regulates gene expression through multiple RNA binding sites 

 Hfq is a small protein consisting of around 70~100 amino acids (Santiago-Frangos et al., 

2017). The protomer adopts an Sm-like (Lsm) fold, consisting of an -helix followed by five 

antiparallel -strands with an the intrinsically disordered C-terminal tail of variable length (Figure 

1-5A) (Santiago-Frangos et al., 2017; Stanek et al., 2017). Similar to other Lsm and Sm domain 

proteins (Mura et al., 2013), Hfq forms a toroidal homo-hexameric ring, mediated by extensive 
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interaction between 4 and 5 (Figure 1-5A). The hexameric ring contains four distinct RNA 

binding surfaces (Figure 1-5B). The flat surface of the overall doughnut shape largely consists of 

the -helix and is named the proximal face. The opposite side of the flat surface is named the distal 

face. The side of the ring is called the rim or lateral face.  

 

1.4.1.1.1. The Hfq proximal face recognizes poly(U) RNAs 

 Poly(U) tracts are often found at the 3’ ends of sRNAs as part of rho-independent 

transcriptional termination structures. The recognition of poly(U) tracts by Hfq is well defined 

(Ishikawa et al., 2012; Otaka et al., 2011a; Sauer & Weichenrieder, 2011). The structure of E. coli 

Hfq showed how the proximal face recognizes U-rich sequences (Figure 1-5C) (W. Wang et al., 

2013). Phe42 intercalates between the bases in a stacking interaction. Gln8, Gln41 (Asn in Listeria 

monocytogenes), and Lys56 directly contact and recognize uridine bases through hydrogen 

bonding interactions. The 3’ hydroxyl group at the terminus of the 3’ tail is directly recognized by 

His57 in S. enterica Hfq and E. coli Hfq (Dimastrogiovanni et al., 2014; Sauer & Weichenrieder, 

2011) in gram-negative bacteria and L. monocytogenes Hfq in gram-positive bacteria (Kovach et 

al., 2014). The importance of this interaction was demonstrated by replacing the 3’ hydroxyl group 

with propyl-phosphate of U6 (Sauer & Weichenrieder, 2011). The replacement of the 3’ hydroxyl 

group showed a dramatic binding decrease, indicating the 3’ hydroxyl group recognition by S. 

enterica Hfq. Schumacher and colleagues reported an initial Hfq structure from S. aureus bound 

to a short RNA (5’-AUUUUUG-3’). In this structure, the poly(U) tract encircles the proximal face. 

Individual bases are intercalated between Tyr42 (similar to the interactions of Phe42 in E. coli 

Hfq) in each monomer, and the 3’ G falls into the central pore (Schumacher et al., 2002). Despite 

the low RMSD of C changes (1.4 Å) between apo- and RNA-bound Hfq, significant structural 

changes are observed in loop 5, which connects 4 and 5 and forms the entrance of the central 

pore. The structural changes induced by RNA binding cause expansion of the central pore diameter 

from 12 Å to 15 Å, and they suggested the 3’ end of the RNA might thread through the pore (Leung 

et al., 2011). Later structural studies revealed that RNA does not thread through the central pore. 

However, they revealed more dynamic interaction through various surfaces.  
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Figure 1-5. Hexameric Hfq has multiple binding sites.  

(A) The Hfq monomer, which adopts a 51 fold, forms a hexameric ring. (B) Hfq has multiple 

binding sites, proximal, distal, arginine-rich region (R16E17R18R18) on the rim. (C) Molecular 

interaction of the proximal face with uridines. (D) Various modes of RNA recognition via the 

distal face of Hfq from the E. coli, B. subtilis, and S. aureus homologs. (E) Molecular interaction 

of A-A-N RNA motif with Hfq in E. coli. (F) Molecular interaction of A- N RNA motif with 

Hfq in B. subtilis. 
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1.4.1.1.2. The distal face recognizes poly(A) tracts  

 The distal face is on the opposite side from the proximal face, and preferentially binds to 

poly(A) sequences, often found in mRNA 5’ UTRs (Link et al., 2009; Soper et al., 2011).  Unlike 

the conserved mode of binding on the proximal face, the distal face showed a variety of modes of 

RNA recognition (Figure 1-5D). Genomic SELEX identified an enriched motif for Hfq binding, 

5‘-AAYAAYAA-3’ (Y: pyrimidine) (Lorenz et al., 2010). Hfq interacts with A-rich motif through 

the distal face of protein, and this A-rich motif are different in gram-negative (A-A-N motif, N can 

be any base) and gram-positive bacteria (A-N motif). Structures of E. coli Hfq in complex with 

poly(A) sequences reveal the molecular mechanism of Hfq A-A-N motif recognition via the distal 

face (Link et al., 2009; W. Wang et al., 2013). The first adenine forms hydrogen bonds with the 

main chain NH and CO of Gln33 and the side chain of Gln52 (Figure 1-5E). Tyr25, GlnQ52, and 

Thr61 recognize the second adenine in the A-A-N motif, and Tyr25 contributes to this interaction 

through pi-stacking interaction. The N-site can be any base that is flipped out to the opposite side 

of the protein. On the other hand, the A-N dinucleotide motif is more prevalent for distal face 

binding in gram-positive bacteria (Someya et al., 2012). Adenine in A-N motif were sandwiched 

by Tyr24 and Tyr29 in B. subtilis (Figure 1-5F). Asn27, Ser60, and Thr61 recognize adenine 

through hydrogen bonds. The overall mode of binding observed from B. subtilis Hfq poly(A) tract 

showed similar behavior with other gram-positive organisms, such as S. aureus Hfq (Horstmann 

et al., 2012).  

 

1.4.1.1.3. The Hfq rim contributes additional interactions for sRNA binding  

 An arginine-rich region of the Hfq rim was reported as an additional RNA binding surface  

(Figure 1-5B). These arginine-rich sequences are located on the 1 helix, and bind RNA AU-rich 

motifs. A structure of E. coli Hfq in complex with RydC sRNA, revealed the interaction of Asn13, 

Arg16, and Arg17 on 1 mainly through the backbone of U23 and U24 in RydC 

(Dimastrogiovanni et al., 2014) (Figure 1-5B).  Phe39 on 2 forms -stacking interactions with 

the base of U24. Despite the slightly different arginine-rich sequences, such as RKER in 

Pseudomonas aeruginosa, and RKKR in A. aeolicus, Hfq/RNA structures showed common 
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features in that the positively charged residues make similar contacts to RNA and a conserved Phe 

stacks with uridine (Murina et al., 2013; Stanek et al., 2017). This structural observation suggests 

that the arginine-rich motif possibly stabilizes the sRNA interaction by providing an additional 

binding site for the AU-rich sequence often found immediately 5’ to the GC-rich hairpin in the 

Rho-independent terminator. The study reported that the number of arginines in the arginine-rich 

sequence strongly correlated with RNA annealing activity (Zheng et al., 2016). Considering the 

RNA annealing rate of E. coli Hfq (RRER in the arginine-rich region) as 1, the annealing rate of 

P. aeruginosa Hfq (RKER), L. monocytogenes Hfq (RKEK), S. aureus Hfq (KANQ)were 0.1, 

0.03, 0.01, respectively (Zheng et al., 2016).  

 

1.4.1.1.4.  C-terminal tail 

 Unlike the structured Sm/Lsm fold, the C-terminus of Hfq is disordered. Even the length 

of the tail is varied. For example, E. coli Hfq has a 38 amino acid tail, while B. subtilis Hfq has 

only a 9 amino acid tail. Santiago-Frangos and his colleagues determined the crystal structure of 

Caulobacter crescentus Hfq with its C-terminus intact (Santiago-Frangos et al., 2019). 

Interestingly, the DDAD acidic motif, located at the end of the C-terminus, acts like a phosphate 

backbone that interacts with the neighbouring protomer arginine-rich region on the rim. The C. 

crescentus Hfq C-terminal tail was demonstrated to play an essential role in sRNA selectivity and 

autoinhibitory activity of RNA annealing.  

 

1.4.1.2. Hfq facilitates RNA chaperone activity through two different mechanisms 

 Hfq mediates sRNA-mRNA annealing by bringing the interacting RNAs together in close 

proximity. To mediate annealing, Hfq interacts with both sRNA and mRNA simultaneously using 

multiple binding sites defined above. Depending on how the RNAs bind to Hfq, mechanisms are 

categorized into either class I or II (Figure 1-6) (Schu et al., 2015). Class I is the more common 

sRNA-mRNA annealing mechanism. In this mechanism, the sRNA 3’ poly(U) tail binds to the 

proximal face and the UA motif 5’ to the hairpin binds the arginine-rich region, located in the rim 
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of Hfq (Figure 1-6A). The mRNA 5’ UTR, which contains the AAN motif, binds through the distal 

face. In the class II mechanism, the sRNA also binds the 3’ poly(U) tail through the proximal face, 

but in this case the 5’ AAN motif in the mRNA also interacts through the distal face. Class II 

mRNAs also have UA motifs within the 5’ UTR that interact with the arginine-rich rim (Figure 1-

6B).   

 

1.4.2. CsrA, an RNA chaperone that regulates diverse genes through a GGA motif 

 CsrA was named after the function of the protein, carbon storage regulator (Csr), and 

regulates glycogen biosynthesis in E. coli (Romeo et al., 1993). CsrA regulates gene expression 

by recognizing GGA sequence motifs, usually within Shine-Dalgarno (SD) sequences, which is a 

ribosomal binding site in archaeal and bacterial mRNA, as well as coding sequences. Direct CsrA 

interaction with mRNA often blocks ribosome access to the SD sequence and thereby represses 

gene expression. High-throughput sequencing and -omics approaches demonstrated that ~800 

mRNAs are under the influence of CsrA, accounting for approximately 20% of coding genes in E. 

coli (Edwards et al., 2011; Sowa et al., 2017). One of the genes under the control of CsrA is the 

RNA chaperone, Hfq. CsrA can downregulate the expression of Hfq by interacting with the SD 

sequence (UAAGGA) in hfq mRNA. An mRNA stability assay showed that CsrA does not affect 

the half-life of hfq mRNA, suggesting CsrA regulates gene expression by competing with 30S 

ribosomal subunit for SD sequence binding (Baker et al., 2007). Homologs of CsrA, are widely 

found in Gammaproteobacteria and regulate gene regulation at the posttranscriptional level 

(Pourciau et al., 2020; Quendera et al., 2020).  

1.4.2.1. CsrA recognizes GGA motifs in target mRNAs  

 CsrA is a small protein of approximately 7 kDa in size. CsrA adopts a homodimeric -

sandwhich structure composed of two five-stranded -sheets followed by a C-terminal -helix and 

disordered tail (also known as the RsmA fold; Figure 1-7A) (Gutiérrez et al., 2005). Homologs of 

E. coli CsrA are found in other gram-negative bacteria, such as Yersinia enterocolitica (Heeb et 

al., 2006) and Pseudomonas fluorescens (Schubert et al., 2007), and in gram-positive bacteria such 

as Geobacillus thermodenitrificans (Altegoera et al., 2016). The solution structure of CsrA in 
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Figure 1-6. Two alternative classes of sRNA-mRNA recognition and annealing by Hfq.  

(A) 3D model of the class I mechanism. Poly(U) tract of sRNA (green) binds through the 

proximal face and additional contacts through the 5’ single-stranded side of the hairpin (blue) 

through the arginine-rich region of Hfq. A-rich motif of mRNA (purple) binds the distal face 

of Hfq. Hfq mediates sRNA-mRNA annealing through red strands. (B) 3D model of class II 

mechanism. U tract and A-rich motif on sRNA interact through both proximal and distal face 

of Hfq. mRNA wraps Hfq through an arginine-rich motif. Hfq mediates sRNA-mRNA through 

the red strand. The colour indication is the same as Figure 1-2A. 
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complex with two target RNAs revealed that one homodimer CsrA can interact with two RNA 

fragments through GGA motifs (Figure 1-7B) (Schubert et al., 2007). The CsrA structure from G. 

thermodenitrificans showed that CsrA could interact with the FliW protein, preventing CsrA 

induced translation repression of the flagellar filament protein, flagellin (Altegoera et al., 2016). 

FliW interacts with CsrA mainly through the extended C-terminus, and the CsrA RNA binding 

surface also contributed to FliW interaction (Figure 1-7C). Furthermore, the docking model of the 

trimer complex (CsrA-FliW-hcnA mRNA) revealed that FliW probably physically hinders the 

binding surface, and may also electrostatically repel RNA due to the overall negative charge of 

FliW (Figure 1-7D) (Altegoera et al., 2016).  

 

1.4.2.2. CsrA regulates gene expression by direct contact with mRNA 5’ UTRs 

 Unlike Hfq, which often regulates gene expression through the action of sRNAs, CsrA 

regulates mRNAs directly through their GGA sequences. SELEX and CLIP-seq identified that 

CsrA preferentially binds GGA sequences, and Shine-Dalgarno (SD) sequences often contain 

GGA sequences (Dubey et al., 2005; Holmqvist et al., 2016; Potts et al., 2017). Direct interaction 

of the CsrA/RsmA family with mRNA can have a variety of consequences, such as translation 

repression, translation activation, transcription termination, and RNA stabilization (Pourciau et al., 

2020). For example, CsrA binding to the GGA motifs in glgC mRNA near its SD sequence results 

in competition with 30S ribosomal subunit binding and inhibition of translation (Mercante et al., 

2009). On the other hand, CsrA interaction with GGA motifs in ymdA mRNA destabilizes its 5’ 

UTR hairpin structure, exposing the ribosome binding site to activate translation (Renda et al., 

2020). Binding of CsrA with flhDC mRNA protected the mRNA from RNase E cleavage that 

increases its stability (Yakhnin et al., 2013). Certain sRNAs, such as CsrB, CsrC, or RsmZ, which 

contain multiple GGA motifs, can compete with the CsrA target mRNAs to antagonize CsrA-

mediated gene regulation (Valverde et al., 2004; Weilbacher et al., 2003). CsrB and CsrC contains 

22 GGA sequences in 350 nucleotides and 9 GGA sequences in 245 nucleotides, respectively, 

thereby providing a large number of potential binding sites. Most of these GGA sequences are 

within single-stranded loops and likely act as a CsrA sponge. CsrA has also been shown to regulate 

expression through other mechanisms such as transcription termination, RNA stability, and 

translation activation through mRNA remodeling (Pourciau et al., 2020).
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1.5. Discovery of the FinOP system, a repressor of bacterial conjugation  

 F-plasmid or F factor is a plasmid that can be transferred from donor (F+) to recipient cells 

(F-). F was first discovered in pioneering work by Lederberg and Tatum nearly 80 years ago and 

early work on this plasmid was instrumental in revealing the fundamental nature of the genetic 

material (Tatum & Lederberg, 1946). F factor transfer is mediated by one of the horizontal gene 

transfer mechanisms, called conjugation, which requires direct contact through a pilus connecting 

Figure 1-7. Structure of CsrA and interaction with RNA through GGA motif.  

(A) Dimeric CsrA structure. (B) CsrA dimer contains two GGA binding sites. (C) CsrA 

interacts with FliW through an extended C-terminus. (D) Docking model of CsrA/FliW with 

CsrA/RNA. CsrA and FliW were represented with an electrostatic potential map.  
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the donor and recipient cells. Many genes are required for pilus formation and most of these are 

coordinately expressed within a single operon called the tra (transfer) operon under the control of 

the P promoter. The master regulator of the tra operon is the TraJ transcription factor that activates 

the tra operon (Achtman, 1973).  

 Shortly after the discovery of F, a number of related plasmids, called R-factors, were 

isolated from pathogenic bacteria associated with antibiotic resistance. Unlike F, many of the R-

factors showed a much lower transfer frequency. Interestingly, it was shown that an R factor could 

reduce the transfer of a co-resident F plasmid, suggesting the R factor expressed a transfer 

repressor (Meynell & Datta, 1967). Finnegan and Willetts discovered two episomal mutants on 

traP and traO from these R plasmids and speculated these genes affected TraJ synthesis or 

function, resulting in conjugation repression (Finnegan & Willetts, 1971). Despite the impact of 

finP (traP) and finO (traO) null mutants, the nature of these two genes was unknown. R6-5 plasmid 

was digested into small fragments using restriction enzymes, EcoRI and HindIII, and cloned into 

a high copy number plasmid to characterize the genes (Timmis, Cabello, et al., 1978). One of the 

fragments containing the finO gene was successfully translated in vitro, and FinO was identified 

as a 22 kDa protein (Timmis, Andres, et al., 1978). Meanwhile, finP was found to encode a small, 

~80 nucleotide transcript (Mullineaux & Willetts, 1985). FinP was shown to be antisense to TraJ 

5’ UTR, and the finding that a mutation in the potential open reading frame (ORF) of finP failed 

to influence FinP function as a repressor argued that this transcript likely acted as an antisense 

RNA (Koraimann et al., 1991). Later, it turned out that FinO can remodel FinP to promote 

hybridization with traJ mRNA 5’ UTR to downregulate the expression of the master conjugal 

regulator, TraJ protein (Arthur et al., 2003).  

 

1.5.1. Characterization of FinP, FinO, and its interaction 

 FinP is encoded from the complementary strand of the traJ mRNA 5’ UTR region and the 

folds of two transcripts were predicted to be similar. Partial RNase digestion was used to probe 

the secondary structure of in vitro transcribed 79 nucleotide FinP and traJ mRNA 5’ UTR (van 

Biesen et al., 1993). Enzymatic mapping demonstrated that FinP contains two stem-loops, SLI and 
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SLII, as predicted in previous studies (Finlay, B. B. et al., 1986; Koraimann et al., 1991), while 

mapping of traJ mRNA 5’ UTR revealed three stem-loops, SLIII, SLIIc, and SLIc. SLIc includes 

the ribosome binding site and AUG start codon. SLIIc and SLIc are the complementary sequences 

to SLII and SLI in FinP. SLIII is upstream of SLIIc and SLIc.  

The structural understanding of FinP and traJ mRNA enabled the investigation of 

interactions with its binding partner, the FinO protein. Direct binding of FinO to FinP and traJ 

mRNA was demonstrated and deletion analysis showed that this interaction is via SLII, not SLI 

(Biesen & Frost, 1994). Jerome and colleagues focused on the structural differences in SL1 and 

SLII and tested the importance of different structural elements in SLII for FinO binding using gel-

shift analysis. This work demonstrated that FinO recognizes the hairpin as well as the 5’ and 3’ 

single-stranded tails in a sequence independent manner (Jerome & Frost, 1999). Limited 

proteolysis of FinO protein both alone and in presence of FinP SLII revealed two RNA binding 

regions of FinO, the N-terminus (26-61) and ProQ/FinO domain (62-186) (Ghetu et al., 1999). The 

crystal structure of FinO26-186 revealed a shape resembling a fist with an extended helical “index 

finger” (Figure 1-8A). The structure overall is comprised of a highly alpha-helical fold, agreeing 

with circular dichroism measurements (Ghetu et al., 1999). Positively charged surfaces on the palm 

side of the fist (concave surface, residues 62-186) and extended index finger (26-61) supported the 

idea that SLII of FinP binds to FinO through two different regions (Figure 1-8B). This hypothesis 

was tested using protein-RNA UV-induced crosslinking and FRET (Ghetu et al., 2002). Analysis 

of 12 single substitution cysteine mutants indicated the most efficient crosslinking was on the 

positively charged, concave patch. For FRET experiments, a two stranded version of SLII was 

created which lacked the loop and the two separate strands were 5’ labeled with fluorescein which 

served as the donor fluorophore. The cysteine substitutional mutants prepared for crosslinking 

were individually labeled with an acceptor fluorophore, Texas red. The results suggested that FinO 

contacts SLII of FinP through the single stranded regions and the bottom of stem. RNase 

footprinting showed FinO protected the 3’ tail and base of the stem, however the 5’ tail was not 

protected. Interestingly, protection of the stem was different in that the 3’ side of stem was more 

protected than the 5’ side of the stem. Crosslinking, gel-FRET, and RNase footprinting 

experiments provided biochemical restraints, which, together with SAXS data, were used to model 

the FinO:SLII structure (Arthur et al., 2011). The SLII base and 3’ tail were modeled near the 
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concave surface on ProQ/FinO domain and the stem of SLII was positioned along the extended 

1 of FinO (Figure 1-8B).  

The FinO bound to FinP complex was believed to play important role in hybridizing FinP 

and traJ mRNA to repress bacterial conjugation (Mark Glover et al., 2015). The effects of point 

mutations in FinP and traJ mRNA on conjugation rates suggested that FinP-traJ association 

initiates through interactions between the complementary loops in a “kissing complex” (Gubbins 

et al., 2003; Koraimann et al., 1991). The interaction of FinO with FinP was reported to enhance 

the pairing of FinP with traJ mRNA in vitro  (Ghetu et al., 2000). Duplex pairing rates were heavily 

influenced by the apical 25 residues at the N-terminus of FinO in that hybridization efficiency of 

the two RNAs with FinO26-186 was decreased 10-fold compared to FinO full-length (Ghetu et al., 

1999, 2000). The functional role of the FinO N-terminus was clarified through RNA stability and 

mating efficiency assays (Arthur et al., 2003). FinO26-186, FinO45-186, and FinO full-length showed 

a similar level of RNA protection in the RNA stability assay, however, the conjugation repression 

efficiency of the N-terminal truncation mutants, FinO26-186, FinO45-186, compared to FinO full-

length decreased 17-fold and 20-fold, respectively. These results demonstrated that the ProQ/FinO 

domain of C-terminal FinO is essential for RNA binding, however the N-terminal region is 

essential for chaperone activity to facilitate RNA pairing to repress bacterial conjugation.  

However, the mechanism by which the N-terminal region facilitates RNA association is unknown. 

  

1.5.2. FinO is an RNA chaperone that rearranges its target RNAs and promotes duplex 

formation 

The chaperone mechanism of FinO was tested through a strand exchange assay and an 

RNA annealing assay. RNA chaperones reshape RNA structure that can be thought of as two 

complementary processes: destabilization of RNA secondary structures and facilitation of new 

created by essentially deleting the hairpin loop (Figure 1-9A). A duplex consisting of a 5’ 

radiolabelled strand SII(A) and non-labeled strand SII(B) was incubated with excess of non-

labeled SII(A) in the presence of various FinO mutants to assess the strand exchange ability of 

FinO as a function of time as visualized by the conversion of the labeled duplex to a single strand 

by gel electrophoresis (Figure 1-9B) (Arthur et al., 2003). No strand exchange activity was 
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observed in the absence of FinO over a 2 hour time course, indicating that SII(A) and SII(B) form 

base pairing interactions. The ability to destabilize internal base-pairing was assessed using the 

strand exchange assay. For this experiment, a two stranded version of FinP SLII was a stable 

Figure 1-8. ProQ/FinO domain structure and predicted interaction with target RNA.  

(A) The crystal structure of FinO26-186 resembles a left hand. A on cube indicating which side 

you are looking at. (B) FinO/FinP model derived from integrative structural modeling. The red 

part of RNA is where FinP is protected from RNase by FinO (Arthur et al., 2011). (C) The 

edge-on model with the NMR ProQ structure with A-form RNA helix the region contacting the 

protein in red. Current view is bottom view from (A) (Pandey et al., 2020). (D) The end-on 

model with the NMR ProQ structure and an A-form RNA helix with 3’ and 5’ tails. RNA 

regions in contact with protein are in red (Pandey et al., 2020). 
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duplex. FinO, however, was able to facilitate complete strand exchange within 2 hours, suggesting 

a dramatic enhancement of exchange. Intriguingly, the N-terminal disordered region and 1 were 

both essential to this exchange activity, even though deletion of these regions did not impair RNA 

binding activity. Further mutagenesis of this N-terminal region revealed the N-terminus of 1 as 

being particularly important for strand exchange.  

 The RNA annealing assay used radiolabeled SLII and an excess of the complementary 

non-labeled SLIIcx. Similarly to the duplexing assay, interactions between the RNAs were 

monitored by gel electrophoresis. In the absence of FinO, the two hairpins were not observed to 

associate over a 2 hour incubation, however, FinO facilitated duplexing of these RNAs within just 

a few minutes. Again this activity was dependent on the N-terminus as duplexing was retarded 

with deletion or point mutations in the FinO N-terminus. A cartoon of the proposed function of 

FinO to facilitate FinP-traJ interactions is presented in Figure 1-10 (Mark Glover et al., 2015). 

 

1.5.3. The FinO family is distributed across proteobacteria  

 Phylogenetic studies mapped a wide distribution of ProQ/FinO domain containing 

proteins across -proteobacteria  (Attaiech et al., 2016; Katsuya-gaviria et al., 2022; Olejniczak & 

Storz, 2017; Quendera et al., 2020). The first two FinO family proteins to be studied were ProQ in 

E. coli (Chaulk et al., 2011; Kunte et al., 1999; Smith et al., 2004), and NMB1681 in N. 

meningitidis (Chaulk et al., 2010), and this early work showed that both these proteins could, like 

FinO, bind transcriptional terminator structures and also showed some strand exchange and RNA 

duplexing activity. Intriguingly, 674 ProQ/FinO domains were found in 553 proteomes, indicating 

some strains contain more than one ProQ/FinO gene in their genome (Attaiech et al., 2016). For 

example, L. pneumophila contains two ProQ/FinO homologs, RocC and Lpp1663. RocC consists 

of 230 amino acids having a ProQ/FinO domain in the N-terminus, and a disordered C-terminus. 

On the other hand, the second protein, Lpp1663, lacks the extended disordered C-terminus and is 

essentially only a FinO domain (Attaiech et al., 2016; Immer et al., 2020). The fact that FinO 

proteins are often plasmid encoded raises the possibility of multiple FinO proteins in the same cell. 

For example, S. enterica strain SL1344 harbors three species of FinO family members: 
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Figure 1-9. Schematic diagram of strand exchange and annealing assays (Image was taken 

from (H. J. Kim et al., 2020)).  

(A) Set of RNA constructs for RNA annealing and strand exchange assays. SLIIx and SLIIcx 

are complementary RNAs. SII (A) and SLII (B) pair to form a duplex structure similar to SLIIxc 

but lacking the loop.  (B) Schematic diagram of RNA annealing assay. Star indicates 

radiolabeled. (C) Schematic diagram of strand exchange assay. 
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chromosomally-encoded ProQ and plasmid-encoded FinO and another FinO protein, FopA, 

encoded on a second plasmid. RIP-seq showed distinct targets for FinO, such as FinP and RepX, 

and ProQ, suggesting they regulate different sets of genes (El Mouali et al., 2021). In the following 

sections, I will discuss three of the more studied proteins: E. coli ProQ, N. meningitidis NMB1681, 

and L. pneumophila RocC.  

 

1.5.3.1. ProQ, a global RNA binding protein via interaction with structured sRNAs and 

mRNAs 

 E. coli ProQ was known as a regulator of ProP, which is an osmosensor and osmoregulatory 

transporter. Modeling suggested that ProQ contains an N-terminal FinO domain and a C-terminal 

Tudor/Hfq-like domain (Chaulk et al., 2011) and the structures of these domains were later 

confirmed by NMR (Gonzalez et al., 2017). Early work demonstrated that the ProQ FinO domain 

could bind hairpin-3’ tail transcription terminator structures and the C-terminal Tudor domain also 

had some RNA binding activity. Like FinO, ProQ could also catalyze strand exchange and RNA 

duplexing, suggesting it might act as an RNA chaperone (Chaulk et al., 2011). However, more a 

definitive understanding of ProQ function required the elucidation of its true in vivo RNA targets. 

The advent of the high-throughput sequencing of bacterial genomes changed the understanding of 

FinO family binding partners. Grad-seq revealed diverse RNA binding partners of ProQ by 

partitioning cellular transcripts based on glycerol gradient which were subsequently sequenced. 

The analysis of sequenced RNAs revealed that ProQ interacts with hundreds of RNAs including 

many non-coding sRNAs and mRNAs in Salmonella enterica (Smirnov et al., 2016).  ProQ 

deletion was found to affect the expression of ~800 transcripts, ~ 16% of genome, suggesting the 

importance of ProQ-dependent gene regulation in S. enterica. UV-CLIP coupled with RNA 

sequencing suggested that ProQ pervasively binds to highly structured regions of RNA, such as 

mRNA and sRNA 3’ terminators (Holmqvist et al., 2018). The cspE mRNA 3’ end is one of the 

ProQ targets containing a transcriptional terminator. The binding of ProQ with the cspE 3’ end 

increased the stability of this RNA, particularly against the  3’ – 5’ exoribonuclease RNAse II, 

similar to how FinO protects FinP from RNase E degradation. The transcriptional terminator 
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was dissected into loop, stem and tail and these were investigated to identify the minimal 

determinants recognized by ProQ using EMSA. This revealed that the minimum requirement to 

bind to ProQ is a 2 base-pair stem with a 4 nucleotide 3’ tail, with no apparent sequence specificity 

(Stein et al., 2020).    

 Discovery of biologically relevant RNA targets also enabled the mapping of important 

residues on the surface on ProQ using random mutagenesis. Pandey and colleagues screened the 

effect of mutations on ProQ/FinO binding to the RNA ligands, cspE mRNA and SibB (Stein et al., 

2020). They found that a collection of positively charged and other residues on the concave surface 

impaired RNA binding, similar to the earlier results from protein-RNA crosslinking in the FinO 

system. However, they suggested two quite different possible modes of RNA interaction for E. 

coli ProQ than had been previously modeled for FinO (Pandey et al., 2020). They focused on the 

Figure 1-10. Predicted mechanism for how the FinOP system regulates bacterial 

conjugation (Image was taken from (Mark Glover et al., 2015)).  

(i) FinP is digested by RNase E in absence of FinO. (ii) 30S ribosomal subunit binds and 

initiates translation of TraJ mRNA. (iii) TraJ activates tra operon transcription required for 

bacterial conjugation. (iv) FinO binding protects FinP from RNase degradation. (v) FinO 

facilitates FinP and traJ mRNA kissing interactions (vi) FinP/traJ mRNA duplex formation 

inhibits TraJ translation.  
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fact that critical residues for binding to RNA were periodically distributed 15-20Å, which is close 

to the width of an A-form helix. They suggested two possible models. The first they called the 

edge-on model in which an A-form helix is rotated ~120° compared to the FinO/FinP model, to 

give extensive potential electrostatic interactions between the negatively charged phosphate 

backbone and the positively charged ProQ/FinO surface (Figure 1-8C). The second mode they 

called the “end on” model, in which the base of the stem-loop is docked against the positive 

surface, while the 3’ tail wraps around the convex side of the protein (Figure 1-8D). The end-on 

model can explain protection of the 3’ tail, which the edge-on model could not. Thus, in spite of 

the large base of biochemical and biophysical data, a clear consensus structural picture for how 

these proteins bind RNA was lacking. Saturation mutagenesis confirmed the residues on the 

ProQ/FinO domain that abolish ProQ-dependent gene regulation. The large overlap in the mutation 

library in these two mutagenesis studies showed a strong relationship between RNA binding and 

regulatory activity (Rizvanovic et al., 2021).  

 

1.5.3.2. NMB1681, a minimal ProQ/FinO protein with many RNA targets 

 NMB1681 is a minimal FinO family member that lacks both N- and C-terminal extensions. 

The crystal structure of NMB1681 showed high degree of structural similarity with FinO family 

crystal structure (RMSD: 1.0 Å). However, NMB1681 showed a somewhat different charge 

distribution compared to FinO and ProQ. ProQ and FinO have a major positively charged surface 

on the concave side, however, NMB1681 has strong positive charge surfaces on the convex side 

(Chaulk et al., 2010; Olejniczak & Storz, 2017). In spite of these differences, NMB1681 was 

shown to bind model transcriptional terminators and also exhibited RNA strand exchange and 

duplexing activities, albeit with a lower strand exchange activity compared to FinO (Chaulk et al., 

2010). NMB1681 could partially repress F conjugation in the absence of FinO (Chaulk et al., 

2010). Insights into the true physiological targets of NMB1681 were revealed through UV-CLIP 

combined with RNA sequencing, showing that NMB1681 can bind to 16 sRNAs and 166 mRNAs, 

mainly through their 3’ UTRs (Bauriedl et al., 2020). UV crosslinking-induced mutations also 

showed that NMB1681 binding sites are mainly within structured regions of the RNA targets. The 

binding of NMB1681 to target mRNAs resulted in strong inhibition of digestion by PNPase, which 
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is a 3’ exoribonuclease. They furthermore showed that NMB1681 is essential for oxidative stress 

tolerance and DNA damage repair in N. meningitidis.  

 

1.5.3.3. RocC, a specific RNA binding protein that regulates competence development 

in L. pneumophila 

 In certain growth conditions, Legionella pneumophila can be competent to uptake 

exogenous DNA from the environment. Competence development requires expression of a set of 

genes (the competence regulon) that establish the DNA transport pore and other accessory 

proteins. Deletion studies demonstrated two key components in this regulation, RocC, a 

ProQ/FinO domain containing protein, and RocR, a small non-coding RNA. These together act to 

repress the competence regulon, containing comEA, comEC, comM, and comF (Attaiech et al., 

2016). RocR consists of three stem-loops and the first two, SL1 and SL2, were predicted to 

imperfectly pair the with 5’ UTRs of the competence regulon RNAs through a target seed sequence 

called the RocR box. EMSA demonstrated the specific recognition of the transcriptional terminator 

SL3 by ProQ/FinO domain of RocC and that mutation of the ProQ/FinO domain abrogates RocC-

mediated repression.  

 

1.6. Organization of the thesis 

 The presented work attempts to elucidate the molecular mechanism of how ProQ/FinO 

domains recognizes the intrinsic terminator RNA structures. To achieve this goal, we chose the 

highly specific ProQ/FinO domain of RocC and its target RNA, RocR, from L. pneumophila. A 

previous preliminary study showed that the ProQ/FinO domain of RocC binds to SL3 of RocR, 

the transcriptional terminator, with a similar binding affinity as intact RocC and RocR (Attaiech 

et al., 2016). Chapter 3 describes the critical regions of RocRSL3 and RocC that are required for 

recognition. We truncated RocC1-126 from the N-terminus and revealed that RocC14-126 is the 

minimal RocC that tightly binds to SL3 via EMSA. Various truncation and substitution mutants 

of RocRSL3 were tested to define the determinants in RocRSL3 that are essential for RocC 
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recognition through EMSA. Chapter 4 describes our structure of a RocC/RocR complex, as well 

as the methods we developed to express and purify RocC, RocR and their complexes, and how we 

eventually crystallized and determined the structure of a RocC/RocR complex.  Chapter 5 

describes structure-guided mutagenesis studies with binding and in vivo assays that explore the 

importance of the structure for RocC-RocR binding in vitro, and for RocC function in vivo. This 

chapter also provides evidence that RocC and other ProQ/FinO domains bind transcription 

terminators in a manner that is sensitive to the length of the 3’ ssRNA tail. Chapter 6 summarizes 

the overall work and discussed future directions. Appendix A describes preliminary experiments 

to understand the chaperone activity of RocC. Appendix B describes the dynamic interaction of 

iASPP-PP1c using SEC-SAXS. 
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2.1. Cloning RocC truncation mutant and site directed-mutagenesis for in vitro assays 

RocC mutants used in this study were amplified from pET-47b(+) RocC1-230 (Attaiech et 

al., 2016) using appropriate primers purchased from IDT (Table 2-1 and 2-2) and the Phusion high-

fidelity DNA polymerase (NEB). The resulting rocC gene fragments were digested and ligated 

between the BamH1 and Not1 sites in pGEX-6P-1 such as to produce a GST-(HRV-3C)-RocC 

protein. Ligated DNAs were transformed into E. coli DH5α (Invitrogen). Transformants were 

selected on LB plates with ampicillin. Obtained plasmids were verified using Sanger sequencing.  

 

2.2. Protein expression and purification 

 For each RocC, a single colony of BL21-Gold (DE3) bearing one of the pGEX-6P-1_RocC 

plasmid was inoculated into 25 mL LB with 100 mg/mL ampicillin and 35 mg/mL kanamycin and 

incubated at 37°C for 18 hours with shaking. This preculture was then inoculated into 1L LB with 

100 mg/mL ampicillin and 35 mg/mL kanamycin and grown to O.D. 0.6-0.8 at 37°C. GST-PP-

RocC expression was induced with 0.3 mM IPTG and incubation was continued at 18°C for 20 

hours. The cell pellet was collected by centrifugation, flash frozen and stored at -80°C. The cell 

pellet was resuspended in lysis buffer (50mM HEPES pH 7.3, 500 mM NaCl, 5% glycerol, 1 mM 

DTT) and lysed using an Emulsiflex-C3 high pressure homogenizer (Avestin). The lysate was 

incubated with 10 mL glutathione beads for 1 hour at 4°C. Incubated beads were washed with 150 

mL of lysis buffer and the GST tag was removed by digestion with 3C protease for 18 hours at 

4°C. The digested protein was collected and purified by Superdex 75 16/60 gel filtration 

chromatography in different buffers depending on the purpose (ITC/EMSA/FP binding assay 

buffer: 25 mM pH 7.3 HEPES, 150 mM NaCl, 10% glycerol; apo-protein crystallization buffer: 

25 mM Tris pH 8.0, NaCl 30mM, 1 mM DTT; complex crystallization buffer: 10 mM HEPES-

KOH pH 7.5, 100 mM KCl, 5 mM MgCl2, 1 mM TCEP). FinO45-186 (Arthur et al., 2003) and 

ProQ1-130 (Chaulk et al., 2011) were purified in the similar way as RocC.  

 

2.3. RNA synthesis, expression, and purification 

 RNAs were prepared in three ways for different analyses. RNAs for EMSA were produced 

using in vitro transcription (Table 2-3), purified using denaturing PAGE, and radiolabeled as 

previously described (H. J. Kim et al., 2020). Given templates in Table 2-3 included +1 or +2 

guanosine in 5’ side of template strand to increase the yield of in vitro transcribed RNAs (Imburgio 
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et al., 2000). RNAs for NMR spectroscopic applications were produced by solid phase synthesis 

and 15N labeled nucleotides for assignment purposes were  

 

Table 2-1. Oligonucleotides used to create pGEX-6P-1 derivatives with truncation rocC 

mutants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Sequence (5’-3’) 

RocCdel1_Fwd_BamH1 CTAGTCGGATCCATGAGAAAGCAGGCGCT 

RocCdel14_Fwd_BamH1 TCAGGATCCAATAAAGCACAAAAAAATCAATCCAAGC 

RocCdel24_Fwd_BamH1 CTGAATGGATCCGCGCGATCTGAC 

RocC126_Rev_Not1 GACTAGGCGGCCGCTTACTTTTCCACGCGTTTTTTAATTTTC 

RocC137_Rev_Not1 GACTAGGCGGCCGCTTATGCATTCACTTGTTTGCGAG 
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Table 2-2. Oligonucleotides used to create pGEX-6P-1 derivatives with punctual RocC 

mutants. 
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Table 2-3. DNA templates used for in vitro transcription. 

 

* Constructs does not have reverse DNA used T7 RNAP promoter Rev as a Reverse template. 

 

 

incorporated as described earlier (Plangger et al., 2019). FAM-labeled RNAs for FP and RNAs for 

ITC were either purchased from IDT or synthesized. RNAs for crystallization were prepared using 

anion exchange followed by gel filtration, as previously described (H. J. Kim et al., 2020).  

 

2.4. Limited proteolysis 

Limited proteolysis with different RocC:protease ratio 

10 L of 5 mg/mL RocC1-230 in the superdex buffer (25 mM Tris pH 8.0, 150 mM NaCl, 

10% Glycerol, 1 mM DTT) was mixed with 0.01 mg/mL trypsin and chymotrypsin (Proti-Ace kit, 

Hampton research) to make RocC:protease ratio from 100:1 to 5,000:1 (w/w). Leftover volume 

was filled up with Proti-Ace dilution buffer (10 mM HEPES pH 7.5, 500 mM NaCl) to 20 L. The 

DNA template Sequence (5’-3’) 
T7 RNAP promoter Rev TAATACGACTCACTATAGG 

RocRSL3 Fwd AGAAAGGGCCAATCAGTGTGTCGCCAATTGACCCACCCTATAGTGAGTCGTATTA 

RocRSL3 Rev TAATACGACTCACTATAGGGTGGGTCAATTGGCGACACACTGATTGGCCCTTTCT 

RocR3nt Fwd AAAGGGCCAATCAGTGTGTCGCCAATTGACCCACCCTATAGTGAGTCGTATTA 

RocR3nt Rev TAATACGACTCACTATAGGGTGGGTCAATTGGCGACACACTGATTGGCCCTTT 

RocR4nt Fwd GAAAGGGCCAATCAGTGTGTCGCCAATTGACCCACCTATAGTGAGTCGTATTA 

RocR6nt Fwd AAGAAAGGGCCAATCAGTGTGTCGCCAATTGACCCACCTATAGTGAGTCGTATTA 

RocR7nt Fwd AAAGAAAGGGCCAATCAGTGTGTCGCCAATTGACCCACCTATAGTGAGTCGTATTA 

RocRstem Fwd AGAAAAAAACAATCAGTGTGTCGCCAATTGTTTTACCTATAGTGAGTCGTATTA 

RocRAU Fwd ATAAAGGGCCAATCAGTGTGTCGCCAATTGACCCACCCTATAGTGAGTCGTATTA 

RocRAU Rev TAATACGACTCACTATAGGGTGGGTCAATTGGCGACACACTGATTGGCCCTTTAT 

RocRCA Fwd TGAAAGGGCCAATCAGTGTGTCGCCAATTGACCCACCTATAGTGAGTCGTATTA 

RocR9bp Fwd AGAAAGGGCCAATCTGTGTCGAATTGACCCACCTATAGTGAGTCGTATTA 

RocR7bp Fwd AGAAAGGGCCAATGTGTCGTTGACCCACCTATAGTGAGTCGTATTA 

RocR7bp Rev TAATACGACTCACTATAGGTGGGTCAACGACACATTGGCCCTTTCT 

RocR5bp Fwd AGAAAGGGCCTGTGTCGGACCCACCTATAGTGAGTCGTATTA 

RocR5bp Rev TAATACGACTCACTATAGGTGGGTCCGACACAGGCCCTTTCT 

RocR3bp Fwd AGAAAGGGTGTGTCGCCCACCTATAGTGAGTCGTATTA 

RocR3bp Rev TAATACGACTCACTATAGGTGGGCGACACACCCTTTCT 

RocR11bp-tet Fwd AGAAAGGGCCAATCACCGAAGCAATTGACCCACCCTATAGTGAGTCGTATTA 

RocR11bp-tet Rev TAATACGACTCACTATAGGGTGGGTCAATTGCTTCGGTGATTGGCCCTTTCT 

RocR9bp-tet Fwd AGAAAGGGCCAATCCGAAGATTGACCCACCCTATAGTGAGTCGTATTA 

RocR9bp-tet Rev TAATACGACTCACTATAGGGTGGGTCAATCTTCGGATTGGCCCTTTCT 
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reaction was incubated for 45 minutes at 37°C. Taken samples at each time point were mixed with 

x5 SDS sample buffer to load on the 15% SDS-PAGE gel. 

 

Time course of trypsin digestion at a 2,500:1 ratio 

The trypsin digestion reaction was mixed with 10 L of 4 mg/mL RocC1-230 in the superdex 

buffer was incubated with and 1.6 L of 0.01 mg/mL trypsin (Proti-Ace kit, Hampton research), 

8.4 L of Proti-Ace dilution buffer. The mixture of the 2,500:1 (RocC1-230: trypsin) was incubated 

at 37°C. Taken samples in each time point was mixed with x5 SDS sample buffer to load on the 

15% SDS-PAGE gel. 

 

2.5. Electrophoretic mobility shift assay (EMSA) 

In vitro transcribed RNAs were 5’ radiolabeled with ATP, [γ-32P] (PerkinElmer) using T4 

polynucleotide kinase (Invitrogen) and purified using denaturing PAGE as described(H. J. Kim et 

al., 2020). Labeled RNAs were incubated 30 minutes on ice with proteins from 0 to 32 μM 

concentration in a final volume of 5 μL EMSA reaction buffer (25 mM HEPES pH 7.3, 150 mM 

NaCl, 4 mM MgCl2, 10% glycerol, 1 mM DTT, 0.5 mg/mL yeast tRNA (ThermoFisher), and 12 

U RNaseOUT (ThermoFisher)). The reactions were mixed with 5x native gel loading dye (10 mM 

Tris pH 8.0, 50% glycerol, 0.001% bromophenol blue, 0.001% Xylene cyanol FF) and separated 

on 10% native gels run in 1x Tris-Glycine buffer at 4°C. Gels were dried and imaged with phosphor 

imaging screens (Molecular Dynamics). Band intensities were quantified using Molecular 

Dynamics ImageQuaNT TL software (GE healthcare). Prism5 (GraphPad) was used for graph 

fitting and equilibrium dissociation constants (KD) calculation with one site – specific binding with 

Hill slope: 

𝑌 =
𝐵𝑚𝑎𝑥 × 𝑋

ℎ

(𝐾𝐷
ℎ + 𝑋ℎ)

 

Where X is the concentration, Bmax is the maximum specific binding and h is the Hill slope.  

All EMSA results were repeated three times.   

  

2.6. SEC-MALS 

 All samples were prepared in crystallization buffer (10 mM HEPES-KOH pH 7.3, 100 mM 

KCl, 5 mM MgCl2, 1 mM DTT) with HPLC grade water (Thermofisher). All individual components 
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(proteins, RNAs) and different combinations of protein:RNA complexes were purified with gel 

filtration in advance to be injected into SEC-MALS. 240-600 g of sample in 100 L volume was 

injected onto a Superdex 200 10/300 GL gel filtration column (GE healthcare) and at a flow rate 0.5 

mL/min. Multiangle light scattering was detected by a DAWN 8+ detector (Wyatt technology). Data 

was analyzed with ASTRA (Wyatt technology). 

 

2.7. Thermal shift assay (TSA) 

 A set of 25 mM of different buffers with 50mM NaCl was prepared in range of pH 3.00 to 

pH 10.25 (TSA screening buffers). 8.73 mg/mL of RocC24-126 and 5 mg/mL of lysozyme were 

prepared in TSA buffer (25mM HEPES pH 7.3, 150mM NaCl, 1mM DTT). 18 L of TSA 

screening buffer, 1uL of the prepared RocC or lysozyme, and 1uL of x500 sypro orange reagent 

(Invitrogen) was mixed and loaded in 96 well plate. Fluorescence was measured in gradual 

increment from 20°C to 95°C on an Applied Biosystems 7500 FAST RealTime PCR System.  

 

2.8. Dynamic light scattering (DLS) 

Polydispersity of RocC24-126 at different salt concentration were measured by dynamic light 

scattering instrument using Protein solutions dynaPro (Wyatt technology). 20 L of RocC24-126 

was prepared in 25 mM Tris pH 8.0, 10% glycerol with three different NaCl concentration, 37.5 

mM, 75 mM, and 150 mM. 14 L of samples were loaded into special cuvette for DLS and 

amplitude was set to be around 200. To minimize the experimental errors, each experiment was 

performed more than 30 photon counts. Experimental analyses were done by Dynamics 

program(Wyatt technology) 

 

2.9. RocC:RocR purification for crystallization and SEC-SAXS 

 Both purified RocC (either RocC1-126 or RocC14-126) and RocR (either RocRSL3 or RocR9bp-

tet) were in crystallization buffer (10 mM HEPES-KOH pH 7.3, 100 mM KCl, 5 mM MgCl2, 1 mM 

DTT). RocC were incubated with an excessive RocR for 30 minutes at 4°C. The RocC:RocR 

complex was separated from an excessive amount of RocR by running superdex 75 16/60 (Cytiva, 

Figure 4-6C). RocC:RocR complex was collected and concentrated using 10k centrifugal filters 

for crystallization and SEC-SAXS.   
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2.10. Crystallization and crystallographic data collection 

 30 mg/mL of RocC24-126 in 25 mM Tris:HCl pH 8.0, 30 mM NaCl, 1mM DTT was 

crystallized by hanging drop vapor diffusion with a reservoir solution (0.2 M NH₄CH₃CO₂, 0.1 M 

HEPES pH 7.5, 10% PEG 3350) at 16°C. Protein:reservoir solution ratios of 1:1 or 1:2 yielded 

crystals. 32 mg/mL of RocC1-126 in 25 mM Tris:HCl pH 8.0, 30 mM NaCl, 1 mM DTT was 

crystallized by hanging drop vapor diffusion with a reservoir solution consisting of 0.2 M 

(NH₄)₂SO₄, 0.1 M HEPES:NaOH, pH 7.3, 25% PEG 3350 at 16°C in either ratio 1:1 or 1:2 of 

protein solution:resevoir solution. The quality of RocC1-126 crystals was improved using additive 

screens (HR2-428, Hampton research) at 4°C. 2 L of 32 mg/mL RocC1-126 was mixed with 1.6 

L of reservoir solution (0.2 M (NH₄)₂SO₄, 0.1 M HEPES:NaOH, pH 7.3, 25% PEG 3350) and 

0.4 L of additive screen was mixed to make a 4 L drop. Various additives produced high quality 

of crystals: multivalent ions (0.1 M Barium chloride dihydrate, 0.1M strontium chloride 

hexahydrate, 0.1 M Yttrium(III) chloride hexahydrate, 0.1 M Chromium (III) chloride 

hexahydrate), Linker (0.3 M Glycyl-glycyl-glycine), Polymer (10% w/v Polyethylene glycol 

3,350), Carbohydrate (30% Sucrose, 12% w/v myo-Inositol), Organic, non-volatile solvent (30% 

w/v 1,6-Hexanedio), Organic, volatile solvents (40% v/v tert-Butanol, 40% v/v 1,3-Propanediol). 

Homogenous RocC14-126:RocR9bp-tet complex in 10 mM HEPES-KOH pH 7.5, 100 mM KCl, 5 mM 

MgCl2, 1 mM TCEP was purified from excess free components using gel filtration 

chromatography and was crystallized by sitting drop vapor diffusion against a reservoir buffer 

containing 0.2 M Li₂SO₄, 0.1 M Tris: HCl, pH 8.5 30 % (w/v) PEG 4000 (Top96, A10, Anatrace). 

Crystals grew at 1:1 protein:precipitant ratio at room temperature.  

Data for RocC24-126 were collected on a RIGAKU MICROMAX-007 HF with a DECTRIS 

PILATUS3 R200K-A detector to a final resolution of 2.10 Å. Data for RocC1-126 were collected at 

CLS (Canadian Light Source) BEAMLINE 08ID-1 with DECTRIS PILATUS3 S 6M detector to 

a resolution of 2.02 Å. Crystals of the RocC14-126:RocR9bp-tet complex were collected at ALS 

(Advanced Light Source) BEAMLINE 8.2.2 with ADSC QUANTUM 315r detector and data was 

obtained to a resolution of 3.20 Å. All data was integrated with HKL-2000 (Otwinowski & Minor, 

1997). 
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2.11. Crystallographic structure determination and refinement 

 The structure of RocC24-126 was determined by molecular replacement (MR) using Phaser 

(McCoy et al., 2007). A pruned model of FinO85-158 generated using sculptor (Bunkóczi & Read, 

2011) was used as a search model. 2 protomers were found in the asymmetric unit. Non-

crystallographic symmetry (NCS) was used in the early stages of refinement using PHENIX 

(Adams et al., 2010). Missing parts of the model were manually built in Coot (Emsley et al., 2010) 

and refined using the PHENIX to a Rwork of 16.1% and an Rfree of 23.8% to a final resolution of 

2.10 Å. 

 The structure of RocC1-126 was solved by MR, using RocC24-126 as a search model with 

Phaser(McCoy et al., 2007). Nine protomers were placed in the asymmetric unit. NCS was used 

throughout the refinement and revealed -helical density for the N-terminus of RocC for two of 

the protomers. Manual building and refinement were carried out with Coot (Emsley et al., 2010) 

and PHENIX (Adams et al., 2010) with the assistance of 9-fold NCS to a final Rwork of 19.3% and 

an Rfree of 21.3% to a resolution 2.02 Å. 

 The RocC14-126:RocR9bp-tet complex was phased by molecular replacement using the high-

resolution structure of RocC1-126 as a search model. 10 protomers were placed in the asymmetric 

unit and NCS was used throughout the refinement. Refinement of 10 protomers showed difference 

densities indicative of RNA bound to 4 of the 10 protomers. This difference density map was 

improved through 4-fold NCS averaging (Figure 4-9). An ideal A-form helix was then fit to the 

stem portion of the 4 RNA molecules. The hairpin loops were built using a related tetraloop model 

(PDB ID: 4Z3S). Comparison of difference maps at low vs high sigma cutoffs helped to distinguish 

phosphate groups from sugar and base moieties, which was particularly helpful in the building of 

the 3’ single-stranded tail. The structure was refined using non-crystallographic symmetry 

restraints in PHENIX (Adams et al., 2010) to a final Rwork/Rfree of 21.9% and 27.1%, respectively, 

to a final resolution of 3.20 Å. 

 

2.12. NMR spectroscopy 

RNA samples for NMR spectroscopy were lyophilized as sodium salts and dissolved in 

420 µL NMR buffer (25 mM HEPES pH 7.3, 150 mM NaCl) and transferred into standard 5mm 

NMR tubes giving 0.2 to 1 mM sample concentrations. All NMR experiments were recorded on 

Bruker 600 MHz Avance II+ NMR or Bruker 700 MHz AvanceNeo NMR spectrometers equipped 
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with Prodigy TCI probes. The imino proton resonances in the apo state were assigned by a 

combination of 1H,1H- jump and return NOESY experiments (150 ms mixing time, 10°C) and 

residue-specific 15N1-guanosine and 15N3-uridine labeling. The RNA protein complex was  

prepared by mixing the RNA with one equivalent of 15N labeled RocC14-126, followed by size 

exclusion chromatography. For NMR spectroscopy, the RNA protein complex was concentrated 

to a volume of 420 µL by ultracentrifugation (molecular weight cut off 3 kDa).    

 

2.13. Searching the PDB for examples of protein-RNA interaction motifs observed in RocC-

RocR  

The duplex portion of the RocR terminator is recognized by an N-capped helix (N-cap 

motif) in RocC. To search for similar interactions in the PDB, we wrote a Perl script that could 

identify an N-capping Ser/Thr residue which, together with two C-terminal mainchain NH groups, 

H-bond with two consecutive phosphate groups (see Ncap_RNA.pl, supplemental files). We 

searched the entire protein – nucleic acid structure database (all X-ray and cryoEM structures as 

of April, 2021 – 8935 structures). We visualized the hits in Pymol, aligned on the nucleotides 

bound by the N-cap. In this way, we uncovered a similar binding interaction between an N-cap 

motif in the ROQ domain of the T-cell regulatory protein, Roquin, with a region of duplex RNA 

within a target UTR (Figure 4-11D). 

The 3’ nucleotide of RocR is recognized by a conserved pocket in RocC that contains a -

hairpin-helix motif composed of amino acids 50-54. To search for similar nucleotide binding 

motifs in other structures, we wrote a Perl script that could identify structures that have consecutive 

backbone NHs that are within hydrogen bonding distance to the O2’ and O3’ atoms of a nucleotide 

(see 3pocket.pl, supplemental files). We used this script to scan all protein-RNA and protein-

nucleotide structures determined by either X-ray crystallography or cryoEM that were available in 

the PDB (as of April 2021). We then visualized the hits aligned with the RocC-RocR structure in 

Pymol and identified an interaction in the eukaryotic ribosomal small subunit as most similar to 

RocC-RocR. The interaction involves a nucleotide within the 18S rRNA and a -hairpin-helix 

motif within the 40S ribosomal protein S24E (Figure 4-11B).  
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2.14. Size-exclusion chromatography with small-angle X-ray scattering (SEC-SAXS) 

 SEC-SAXS data of RocC14-126:RocR9bp-tet, RocC1-126:RocRSL3, RocC1-126, was collected at 

beamline 12.3.1 at the Advanced Light Source (ALS).  The 19 mg/mL of complex was in the 

crystallization buffer (10 mM HEPES-KOH pH 7.5, 100 mM KCl, 5 mM MgCl2, 1 mM TCEP, 

all buffer prepared in DEPC treated water) was loaded onto a PROTEIN KW-802.5 column 

(Shodex). Sample was ran at 0.5 mL/min in the crystallization buffer and scattering was collected 

using a PILATUS3 X 2M detector. Scattering data of RocC1-126:RocRSL3 from asymmetric eluent 

peak was deconvoluted using RAW to separate compact and extended scattering profiles (Hopkins 

et al., 2017). 

 The disconnected part of RocC1-126 was connected using SWISS-MODEL (Waterhouse et 

al., 2018) and fit into RocC1-126 SAXS envelope using Multi-FoXS (Schneidman-Duhovny et al., 

2016). RocCSL3 was modeled based on crystal structure of RocC9bp-tet and 3D prediction of RocCSL3 

from RNAcomposer. Stem of the SL3 and 3’ tail having direct contact with RocC in the crystal 

structure and upper stem and 7 nucleotide loop from RNA composer was manually combined using 

Pymol (Schrödinger). RocC1-126:RocRSL3 model was modeled using FoXS restraint by 

deconvoluted “compact profile” and “extended profile”. Solution model of RocC14-126:RocR9bp-tet 

was generated using crystal structure of RocC14-126:RocR9bp-tet restrainted by scattering profile 

without deconvolution using FoXS. 

 

 

2.15. Fluorescence polarization assay (FP) 

5’ FAM-labeled RocRSL3 was purchased from IDT and 5’ FAM-labeled RocR3nt, RocR8nt 

were chemically synthesized. 5 L of 80 nM RNA in FP reaction buffer (25 mM HEPES pH 7.3, 

150 mM NaCl, 4 mM MgCl2, 10% glycerol, 1 mM DTT, 0.4 mg/mL yeast tRNA (ThermoFisher)) 

was mixed with 15 L of point mutated RocC14-126 to a final protein concentration of between 

320 μM and 2.4 nM in a 20 L reaction. Reactions were transferred to a 384-well plate and were 

incubated for 1.5 hours at 25°C. FP experiments were conducted an Envision 2103 multilabel plate 

reader (Perkin Elmer) using 485 nm excitation and recorded at 538 nm. All experiments were 

repeated three times and the dissociation constant was calculated by fitting results to a sigmoidal 

curve with a 4-parameter logistic (4PL) equation: 
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𝒚 = 𝒅 +
(𝒂 − 𝒅)

(𝟏 +
𝒙
𝒄)

𝒃
 

Where a and d are the estimated minimum and maximum values. b is the slope factor and c is c50. 

 

2.16. Isothermal calorimetry assay (ITC) 

ITC was performed using MicroCal PEAQ-ITC (Malvern panalytical) at 25°C. 10 

nucleotide RNA (5’-GGCCCUUUCU-3’) was purchased from IDT and SL3-9bp-tet was 

chemically synthesized. RocC14-126 was prepared as described above. All components were 

dialyzed in ITC buffer (25 mM HEPES pH 7.3, 150 mM NaCl, 10% glycerol, 1 mM TCEP). 24-

50 M of protein in the sample cell was titrated with RNA titrand at concentrations between 200-

400 M. 2 L (except for first injection) of concentrated titrand were injected 19 times every 180-

240 seconds. Detailed individual titration condition is on Table 2-4. Obtained data were analyzed 

by MicroCal PEAQ-ITC Analysis Software (Malvern panalytical). 

  

2.17. Bacterial strains and growth conditions 

The L. pneumophila strains in this study are derived from the Paris clinical isolate 

(Outbreak isolate CIP107629). These strains (genotypes in Table 2-5 and construction details in 

Supplementary Material and Methods) were grown in liquid media ACES [N-(2-acetamido)-2-

aminoethanesulfonic acid]-buffered yeast extract (AYE) or on solid media ACES-buffered  

Table 2-4. ITC experimental conditions. 

 

 

 

 

 Sample cell Syringe Cell concentration 

(M) 

Syringe concentration 

(M) 

Interval 

(sec) 

RocC:10nt RNA Protein RNA 50 400 240 

ProQ:10nt RNA Protein RNA 30 400 240 

FinO:10nt RNA Protein RNA 50 400 240 

RocC:RocRSL3-9bp-tet RNA Protein 30 350 240 

ProQ:RocRSL3-9bp-tet Protein RNA 40 394 240 

FinO:RocRSL3-9bp-tet RNA Protein 24 200 180 
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Table 2-5. Bacterial strains, plasmids and oligonucleotides used in this study. 
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charcoal yeast extract (CYE) plates at 30°C or 37°C. Liquid cultures were performed in 13-mL 

tube containing 3 mL of medium in a shaking incubator at 200 rpm. When appropriate, kanamycin 

and streptomycin were used at 15 μg/mL or 50 µg/mL, respectively. 

Escherichia coli strains (Table 2-5) were cultivated in LB medium with shaking or on LB-

agar plates at 37°C. When appropriate, kanamycin and ampicillin were used at 50 μg/mL and 100 

μg/mL, respectively.  

 

2.18. Construction of plasmids and strains 

Construction of L. pneumophila strains with mutated RocC, punctual mutants 

We first created the pLFP01 plasmid. Using PCR (PrimeStarMax, Takara), we amplified rocC 

from the Paris WT strain using primer pair lpp0148_P1/lpp0148RM_R, a kanamycin resistance 

cassette (nptII) from the pGEMPKD4 using primer pair pKD4_P1/pKD4_P2 and lpp0149 (which 

follows rocC on the genome) from the Paris WT strain using primer pair 

lpp0148RM_P3/lpp0149pX3_R. The 3 PCR fragments were assembled by PCR overlap extension 

using primer pair lpp0148_P1/lpp0149pX3_R and cloned into the pGEM-T Easy vector 

(Promega). After transformation in E. coli DH5α, λpir, transformants were selected on LB plates 

containing kanamycin. The plasmid was verified by PCR and sequencing. 

The plasmid pLFP01 [rocC-lpp0149::(nptII)] was submitted to site-directed mutagenesis 

to create the different punctual mutants of RocC. PCRs were done using primer pairs designed to 

change the desired amino acid (Table 2-6) on pLFP01 as template. PCR products were then 

digested by DpnI to remove the parental pLFP01 and transformed in E. coli DH5α λpir. 

Transformants were selected on LB plates with kanamycin. Plasmids were verified by PCR and 

sequencing. 

Each plasmid was then used to transform L. pneumophila Paris rocCTAA by natural 

transformation. As these plasmids are non-replicative in L. pneumophila, the internalized 

molecules recombine with the chromosome via a double cross-over allowing the replacement of 

the rocCTAA allele with the mutated rocC allele. Transformants were selected on CYE plates with 

kanamycin. The rocC locus was verified by PCR and sequencing, and the presence of the protein 

was verified by Western-Blot. For each mutant, 2 independent clones were kept and tested. 
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Table 2-6. Oligonucleotides used to create pLFP01 derivatives with punctual RocC 

mutants. 

 

 

 

 

 

 

 

Mutation 
Forward primer Obtained 

plasmid name sequence (5'-3') (mutations are in lowercase) 

K15D LA161_rocCk15d_F GAACCGCTGTCATCAATGACGCACAAAAAAATCAATCC  pLLA96 

Q17A  LA189_rocCq17a_F CCGCTGTCATCAATAAAGCAGCAAAAAATCAATCCAAGCGCG pLLA112 

K18D LA163_rocCk18d_F CATCAATAAAGCACAAGACAATCAATCCAAGCGCG  pLLA97 

S21A LA191_rocCs21a_F CAATAAAGCACAAAAAAATCAAGCCAAGCGCGCGCGATCTG pLLA113 

I51A LA165_rocCi51a_F GTATTCGGCCATTAAAGGCTGGTATTATGTCTGATATATTG  pLLA98 

S70A LA167_rocCs70a_F GCAGAGCAAGTTGGAGTTGCTAAAAGCAAATTAAGGGAAGC  pLLA99 

S72A  LA187_rocCs72a_F GCAAGTTGGAGTTTCTAAAGCCAAATTAAGGGAAGCTGTTG pLLA111 

S70A, 

S72A 
LA181_rocCs70.72a_F GCAGAGCAAGTTGGAGTTGCTAAAGCCAAATTAAGGGAAGCTGTTG  pLLA106 

K71D LA169_rocCk71d_F GAGCAAGTTGGAGTTTCTGACAGCAAATTAAGGGAAGCTG  pLLA100 

K73D LA171_rocCk73d_F GTTGGAGTTTCTAAAAGCGACTTAAGGGAAGCTGTTGTTC  pLLA101 

R75D LA173_rocCr75d_F GAGTTTCTAAAAGCAAATTAGACGAAGCTGTTGTTCTTTTTAC  pLLA102 

T82A LA175_rocCt82a_F GGAAGCTGTTGTTCTTTTTGCCCGTCGTCTTGATTATCTG  pLLA103 

R83D LA177_rocCr83d_F GCTGTTGTTCTTTTTACCGATCGTCTTGATTATCTGGCTTG  pLLA104 

Y87F FP7_paris-rocC35_F TTTTACCCGTCGTCTTGATTTTCTGGCTTGCCTGAAAGCTC pLFP08 

R97M  LA183_rocCr97m_F TGAAAGCTCGTGAAGTCATGATCGATTTGCATGGAAATCC pLLA109 

N115A LA185_rocCn115a_F CTGAGGAAGAAGCGGAGGCTGCTTCCATGAAAATTAAAAAACGCG pLLA110 

K119D LA179_rocCk119d_F GAAGCGGAGAATGCTTCCATGGACATTAAAAAACGCGTGGAAAAG  pLLA105 
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Mutation 
Reverse primer Obtained 

plasmid name sequence (5'-3') (mutations are in lowercase) 

K15D LA162_rocCk15d_R GATTTTTTTGTGCGTCATTGATGACAGCGGTTC pLLA96 

Q17A  LA190_rocCq17a_R CGCGCTTGGATTGATTTTTTGCTGCTTTATTGATGACAGCGG pLLA112 

K18D LA164_rocCk18d_R CGCGCTTGGATTGATTGTCTTGTGCTTTATTGATG pLLA97 

S21A LA192_rocCs21a_R CAGATCGCGCGCGCTTGGCTTGATTTTTTTGTGCTTTATTG pLLA113 

I51A LA166_rocCi51a_R CAATATATCAGACATAATACCAGCCTTTAATGGCCGAATAC pLLA98 

S70A LA168_rocCs70a_R GCTTCCCTTAATTTGCTTTTAGCAACTCCAACTTGCTCTGC pLLA99 

S72A  LA188_rocCs72a_R CAACAGCTTCCCTTAATTTGGCTTTAGAAACTCCAACTTGC pLLA111 

S70A, 

S72A 
LA182_rocCs70.72a_R CAACAGCTTCCCTTAATTTGGCTTTAGCAACTCCAACTTGCTCTGC pLLA106 

K71D LA170_rocCk71d_R CAGCTTCCCTTAATTTGCTGTCAGAAACTCCAACTTGCTCTG pLLA100 

K73D LA172_rocCk73d_R GAACAACAGCTTCCCTTAAGTCGCTTTTAGAAACTCCAACTTG pLLA101 

R75D LA174_rocCr75d_R GTAAAAAGAACAACAGCTTCGTCTAATTTGCTTTTAGAAACTC pLLA102 

T82A LA176_rocCt82a_R CAGATAATCAAGACGACGGGCAAAAAGAACAACAGCTTCC pLLA103 

R83D LA178_rocCr83d_R CAAGCCAGATAATCAAGACGATCGGTAAAAAGAACAACAGC pLLA104 

Y87F FP7_paris-rocC35_R GAGCTTTCAGGCAAGCCAGAAAATCAAGACGACGGGTAAAA pLFP08 

R97M  LA184_rocCr97m_R GATTTCCATGCAAATCGATCATGACTTCACGAGCTTTC pLLA109 

N115A LA186_rocCn115a_R CGTTTTTTAATTTTCATGGAAGCAGCCTCCGCTTCTTCCTCAG pLLA110 

K119D LA180_rocCk119d_R CTTTTCCACGCGTTTTTTAATGTCCATGGAAGCATTCTCCGCTTC pLLA105 



 52 

Construction of L. pneumophila strains with mutated RocC, Nterminal deletions 

Markerless Nterminal deletions of rocC were constructed in two steps, taking advantage of the 

counterselectable MK cassette. This MK cassette bears a kanamycin resistance gene and the toxin-

encoding mazF gene under the control of an IPTG-inducible promoter (lacIq, Ptac-mazF, nptII) and 

was cloned into the pGEM-T Easy vector (Promega) to create plasmid pGEM-MK (Bailo et al., 

2019). Insertion of MK in rocC can be selected on CYE plates with kanamycin after transformation 

of a composite PCR “upstream rocC - MK - downstream rocC”. Replacement of the rocC::MK 

allele by the rocCΔNter alleles can be selected on CYE+IPTG after transformation of a composite 

PCR (upstream - rocCΔNter – downstream). To make the Paris rocC::MK strain, the upstream 

(PCR A: lpp0148_P1 / lpp0148_P2, 2050 bp) and downstream (PCR C: lpp0148_P3 / lpp0148_P4, 

2015 bp) regions of rocC were amplified from Paris WT chromosome with primers carrying 30-

nt sequences complementary to the ends of the MK cassette (PCR B, 3177 bp amplified from 

plasmid pGEM-MK with primer pair MazFk7-F/MazF-R). The 3 fragments were joined by PCR 

overlap extension (PCR lpp0148_P1 / lpp0148_P4, 7190 bp) and used to transform 

L. pneumophila WT by natural transformation. Transformants were selected on CYE plates with 

kanamycin and tested for sensitivity to IPTG. Integration of the MK cassette at the correct locus 

was verified by PCR. 

To obtain the markerless rocCΔNter mutants, a second step was performed as follows. The 

upstream and rocC regions were amplified with primers carrying a 30 nucleotide tail sequence 

designed to create different rocCΔNter alleles (PCR D and PCR E, details). These PCRs were 

assembled by PCR overlap extension using primer pair lpp0148_P1 / lpp0148_P4 (4 kb) and used 

to transform the ΔrocC::MK strain. Transformants were selected on CYE plates with IPTG and 

tested for sensitivity to kanamycin. Proper replacement of the rocC allele was verified by PCR and 

sequencing, and the presence of the protein was verified by Western-Blot. For each mutant, 2 

independent clones were kept and tested. 
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2.19. Transformability assay 

 Transformability of L. pneumophila strains was assessed as previously described using 

conditions in which the WT strain is not transformable but transformation is highly efficient in 

hypercompetent mutant (such as the rocCTAA strain which lacks RocC)(Attaiech et al., 2016). 

The strains were streaked on CYE solid medium from the -80°C frozen stock culture and 

incubated 3 days at 37°C. The strains were then re-streaked on a new CYE plate and incubated 

overnight at 37°C to obtain exponentially growing cells. Bacteria were resuspended to an OD600=1 

(≈109 cells/mL) in 3 mL AYE. Two times 1 mL of cell suspension were centrifuged for 3 minutes 

at 5000 g in a table-top microcentrifuge, and each pellet was resuspended in 50 µL of AYE with 

or without transforming DNA. Each suspension was spotted on a new CYE plate and let to dry. 

The plate was incubated overnight at 37°C. Each spot was resuspended in 200 µL AYE. Ten-fold 

serial dilutions were then plated on non-selective medium and selective medium. Plates were 

incubated for 72 hours at 37°C and colony-forming units (CFU) counting was performed. 

Transformation frequency is the ratio of the number of CFUs counted on selective medium divided 

by the number of CFUs counted on non-selective medium. To test the transformability of the RocC 

punctual mutants (stains KanR), the DNA used was 2 µg (for 109 cells) of a 4-kb PCR fragment 

centered on a mutated allele of the rpsL gene. Transformants were thus selected on 

CYE+Streptomycin. To test the transformability of the RocCΔN mutants, the DNA used was either 

the same rpsLR PCR as above or 2 µg (for 109 cells) of the pGEM-ihfB::Kan, a plasmid containing 

a kanamycin-resistance cassette (KanR) inserted in the ihfB gene of L. pneumophila. As this 

plasmid is non-replicative in L. pneumophila, the internalized molecules recombine with the 

chromosome via a double crossover allowing the integration of the KanR cassette in the ihfB locus. 

Transformants were thus selected on CYE+Streptomycin or CYE+Kanamycin. For each tested 

mutants, transformation assays were performed 3 to 7 times. 

 

2.20. Western blot analysis of RocC and RocC mutants 

Cells were grown at 37°C in AYE+Kan and were harvested at an OD600 of approximately 

1 by centrifugation at 5000 g for 5 min. The pellet was resuspended directly in 125 mM Tris-HCl 

pH 6.8; 2% SDS; 15% glycerol; 0,005% Bromophenol Blue; 100 mM β-mercaptoetanol and 

incubated for 5 minutes at 85°C. Samples were then separated by SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE). Next, proteins were transferred to a polyvinylidene difluoride 
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(PVDF) membrane on a Trans-Blot Turbo Transfer System (Bio-Rad). RocC and RocC mutants 

were detected with polyclonal anti-RocC antibodies and anti-rabbit IgG, HRP conjugated 

antibodies (Sigma) and revelation was done using the ECL system (Thermo Scientific) according 

to the manufacturer’s instructions. Luminescence signals were acquired using an imaging 

workstation equipped with a charge-coupled device camera (Thermo Scientific). 
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Chapter 3.  

The FinO domain of RocC recognizes the base of hairpin and 3’ tail length of rho-

independent transcriptional terminators 
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3.1. Overview 

 Co-immunoprecipitation coupled with RNA-deep sequencing experiments revealed that 

the FinO family protein RocC selectively binds to RocR to regulate competence-associated 

regulons. The FinO domain of RocC binds through the Rho-independent terminator SL3 of RocR 

and protects RocR from RNase degradation. However, how RocC specifically recognizes RocR is 

unknown. We characterize the stoichiometry of binding of the RocC N-terminal FinO domain with 

the SL3 of RocR RNA. Various RocC N-terminal truncation mutants containing the FinO domain 

are examined to find a minimal construct which tightly binds SL3. SL3 derivatives, which vary in 

the size of the loop, length of the stem and tail, are explored to understand determinants recognized 

by RocC. Also, binding studies of point mutations in SL3 allowed us to assess if RocC binds RNA 

in a sequence-specific manner. 

 

3.2. Introduction 

Regulatory RNAs are involved in many aspects of cellular processes and often do so with 

the assistance of RNA binding protein (RBP) partners (Hör et al., 2018; Watkins & Arya, 2019). 

The FinO family of proteins is becoming widely acknowledged as an important group of RNA 

chaperones in bacteria (Mark Glover et al., 2015). The chaperone activity of FinO begins with the 

recognition of the traJ mRNA 5’ UTR and its antisense RNA, FinP, by the FinO domain of the 

FinO protein (Biesen & Frost, 1994). While the FinO domain binds to the Rho-independent 

terminator structures of SLII of FinP and SLIIc of traJ mRNA, the flexible extension of the FinO 

N-terminus promotes FinP-traJ UTR hybridization, initiated with a kissing interaction involving 

the hairpin loops within the complementary regions of the RNAs. The degradation of the resulting 

heteroduplex by RNase III leads to the repression of bacterial conjugation (Jerome et al., 1999). 

This fine control begins with specific recognition of the sRNA, and the detailed RNA recognition 

mechanisms by the FinO domain are still under investigation.  

FinP was initially predicted to consist of two stem-loops connected with a short linker 

(Finlay, B. B. et al., 1986; Koraimann et al., 1991). Partial RNA digestion using single- and double-

stranded nucleases mapped FinP structures and this mapping empirically proved the predicted 

structure (van Biesen et al., 1993). A series of EMSAs with radiolabeled RNA showed that FinO 

mainly interacts through SLII and required the stem as well as 5’ 4 nucleotide and 3’ 6 nucleotide 
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extensions for tight binding (Jerome & Frost, 1999). Sequence alignment of SLIIs from different 

plasmids showed diverse sequences in loop (Finlay, B. B. et al., 1986), suggesting that the loop is 

dispensable for FinO recognition (Jerome & Frost, 1999). Footprinting assays of FinO bound to 

SLII and SLIIc revealed that FinO binds the base of the stem and 3' and 5' tails of its target RNAs 

(Arthur et al., 2011). Furthermore, the chemical structure of the 3’ ribose sugar was shown to be 

critical for binding. Either 3’ phosphorylation, or oxidation of the 3’ nucleotide were shown to 

abrogate FinO binding to SLII (Arthur et al., 2011). A recent study found a new target of FinO in 

S. enterica, RepX, which contains a similar Rho-independent terminator (El Mouali et al., 2021).  

 Development of extensive parallel RNA sequencing methods revealed new targetomes of 

the FinO family. Grad-seq revealed ProQ in S. enterica as an RNA binding hub, interacting with 

a number of structured RNAs (Smirnov et al., 2016). UV crosslinking and immunoprecipitation 

followed by RNA-sequencing in E. coli, S. enterica, and N. meningitidis confirmed that ProQ 

proteins in these bacteria bind a range of RNAs and likely rely on direct interactions with the 3’ 

intrinsic transcriptional terminator RNA (Bauriedl et al., 2020; Holmqvist et al., 2018). Stein and 

colleagues showed that E. coli ProQ binds to terminators with at least a 2 base-pair stem and a 4 

nucleotide 3’ tail (Stein et al., 2020).  

 The RNA binding behaviours of the FinO family all seem to involve recognition of a 3’ 

transcriptional terminator structure, however in some cases, the binding is highly specific for a 

single terminator (eg: FinO) whereas in other cases, binding can be more promiscuous (eg: ProQ). 

Even though the understanding of the range of FinO family targets has expanded over the last five 

years, the molecular mechanisms by which these proteins interact with their targets is still largely 

unknown. To achieve this goal, we set out to study a highly specific member of the FinO family: 

the Legionella protein RocC and its RNA target RocR. We designed and tested minimal RocC 

constructs that bind to the known target, stem-loop 3 (SL3) of RocR. Determinant searches on SL3 

were initiated by dissecting SL3 into three elements: the 7 nucleotide loop, the 11 base-pair stem, 

and the 5 nucleotide 3’ tail. By changing the sizes of each component, we found that RocC requires 

at a minimum, a 5 base-pair stem, and has a high degree of selectivity for 5 nucleotide 3’ tail 

length. We tested the sequence specificity within 5 nucleotide poly pyrimidine tail through the 

examination of a variety of substitution mutants. We did not observe any dramatic binding affinity 

changes by substituting poly(U) tail components, suggesting that RocC does not bind the tail in a 
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sequence-dependent manner. Together, our work revealed that RocC14-126 is a minimal FinO 

domain-containing protein that forms a 1:1 complex with an intrinsic terminator, consisting of at 

least a 5 base-pair stem and specifically a 5 nucleotide 3’ polypyrimidine tail. 

 

3.3. Results 

3.3.1. Defining a minimal RNA binding domain of RocC 

Preliminary EMSA demonstrated that the isolated FinO domain of RocC interacts with its 

binding partner RocR in the low μM range through interactions with the SL3 terminator hairpin 

(Attaiech et al., 2016). To obtain a structural understanding of RocC, we modeled the 3D structure 

of RocC full length using the SWISS-MODEL homology modelling program. This program 

automatically chose the E. coli ProQ NMR structure as a template which has 34% sequence 

identity to the RocC16-129 structure (Figure 3-1A). Regions that potentially form secondary 

structures were predicted with relatively high confidence in QMEANDisCo (Figure 3-1C) (Studer 

et al., 2020). QMEANDisCo scores the similarities among a large set of predicted models. Well-

conserved regions will show less divergence between the predicted models, resulting in higher 

scores in the prediction. Unstructured regions are difficult to model consistently and they generally 

result in low confidence predictions. The predicted model also showed a reasonably similar 

structure to FinO (RMSD 2.7 Å2) (Figure 3-1B). SWISS-MODEL failed to model the extreme N-

terminus (residues 1-15) and around 100 residues in C-terminus (130-230) since it could not find 

a homology model to predict this part of the protein. Overlay of all existing FinO family structures 

as of 2016 showed that RocC36-117 was structurally conserved with ProQ and FinO (Figure 3-1B).  

We carried out limited proteolysis to search for a minimal, stably folded core of RocC, which still 

binds to SL3. Limited proteolysis is a powerful technique that is prevalently used to search for 

stable, structural domains for biochemical analysis and which are often excellent targets for 

crystallization. E. coli FinO, which was the first determined structure among the FinO family, is a 

good example. Limited proteolysis provided a list of proteolytically stable constructs, and FinO26-

186, which structure was determined, was one of these candidates (Ghetu et al., 1999). Limited 

proteolysis of full-length RocC revealed the existence of a proteolytically-stable core, roughly half 

size of intact RocC (Figure 3-2). Peptide cutter, a proteolytic degradation prediction program, 

predicted cutting sites for trypsin, which cleaves C-terminal to arginine and lysine, and  
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Figure 3-1. Predicted FinO domain of RocC and overlay of the RocC FinO domain with 

existing crystal structures.  

(A) Predicted FinO domain of RocC. (B) Overlay view of the predicted FinO domain of RocC 

(magenta), six copies of NMB 1681 crystal structure (light grey), and FinO (green). Two arrows 

indicate where the structures diverge. (C) QMEANDisCo score (Level of confidence) in RocC 

prediction in Figure 1A.  
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chymotrypsin, which cleaves C-terminal to aromatic or bulky hydrophobic amino acids (Figure 3-

2A) (Wilkins et al., 1999). Different ratios of trypsin and chymotrypsin were incubated with high 

purity of full-length RocC from 1:100 (RocC:protease ration) to 1:5,000 at room temperature for 

30 minutes. The digested products were separated by SDS-PAGE (Figure 3-2B). Trypsin digestion 

resulted in extensive degradation of RocC at the highest concentrations, however, chymotrypsin 

treatment failed to produce total digestion even in the highest ratio, 1:100. Further digestion A 

time course of trypsin digestion at the 1:2,500 ration revealed a single trypsin stable species of 

~11kDa (Figure 3-2C).    

Bioinformatics tools coupled with the limited proteolysis results enabled us to predict the 

approximate boundaries of the stable FinO domain for generating samples for further binding 

assays and crystallization. We used Psipred (Buchan et al., 2013) to predict the RocC secondary 

structure, which suggested the N-terminus of RocC as a highly α-helical structure (10-140). This 

N-terminal FinO core has a predicted unstructured C-terminus (Figure 3-3). A combination of 

biochemical and bioinformatic clues allowed us to design 1-137, 14-110, 14-126, 14-137, 24-110, 

24-126, 24-137 constructs, each containing the FinO domain and close to 11 kDa in size (Figure 

3-4A).  

  

3.3.2. RocC:RocR interaction requires RocC14-23 

We carried out FP assays with 5’-FAM labeled SL3 to define a minimal RNA-binding 

region of RocC that would be amenable to structural studies. Limited proteolysis combined with 

bioinformatics suggested RocC24-126 could be a stable folded core; however, this construct was 

defective in interacting with SL3 (Figure 3-5A). In contrast, RocC14-126 displayed a similar binding 

affinity to RocC1-126 or RocC1-137, indicating that residues 14-23 contain critical residues for its 

interaction. On the other hand, 1-13 or 127-137 appeared to be dispensable for RNA recognition. 

From this result, RocC14-126 was used for further EMSA and FP studies. 

 

3.3.3. The upper part of the stem is dispensable for RocC:RocR interaction 

Previous work on the FinO:FinP system indicated that FinO recognizes the base of the 

terminator hairpin and the 3’ ssRNA tail (Arthur et al., 2011; Jerome & Frost, 1999). The  
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Figure 3-2. Limited proteolysis of RocC.  

(A) Predicted digestion sites in RocC. Triangles and diamonds indicate trypsin and chymotrypsin 

sites, respectively. (B) RocC digestion with trypsin and chymotrypsin in different ratios. (C) RocC 

digestion time course with a trypsin ratio of 1:2,500 at room temperature. 
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Figure 3-3. Predicted secondary structure of RocC using PSIPRED.  

The blue bar indicates confidence in the prediction. The pink cylinder shows α-helix, yellow 

indicates is β-sheet. Yellow highlight indicates RocC14-23 residues. 
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ProQ/FinO domain of E. coli ProQ showed 8 nM binding affinity to a derivative of FinP SLII 

lacking the loop, corroborating that the FinO/ProQ domain interacts with bottom part of the 

intrinsic terminator (Chaulk et al., 2011). More recent studies have similarly shown that the FinO 

domain of E. coli ProQ binds similar hairpin-tail structures with at least a 3 base-pair stem and a 

4 nucleotide 3’ tail, consistent with the notion that ProQ, like FinO, binds mainly the base of the 

stem and 3’ tail (Stein et al., 2020). Similarly, RocC was shown to bind to the rho-independent 

terminator of RocR, SL3 (Attaiech et al., 2016). SL3 consists of an eleven base-pair stem with a 7 

nucleotide loop, and a five nucleotide 3’ tail (Figure 3-6A). To test the relative importance of the 

RocR SL3 loop, stem, and 3’ tail, we generated various mutants in these areas and assessed their 

ability to bind RocC by EMSA (Figure 3-4B, C, D, E). Replacement of the 7 nucleotide SL3 loop, 

with a UNCG tetraloop sequence did not impact binding affinity, suggesting the loop is not an 

important determinant for RocC:RocR interactions (Figure 3-6C). We designed a series of 

constructs to test the importance of stem length, which is truncated gradually by two base pairs 

from the loop (Figure 3-5A). Deletion of the stem down to 5 base-pairs did not impact binding 

affinity. However, deletion of the stem down to 3 base pairs resulted in a 3-fold lower binding 

affinity than WT (Figure 3-4C, 3-5C). Together, we concluded that RocC requires at least 5 base-

pair stem to maintain tight binding affinity.  

 

3.3.4. The length of the tail is essential for RocC:RocR binding 

Many studies have demonstrated the importance of the 3’ tail of Rho-independent 

terminators for interactions with FinO family proteins (Arthur et al., 2011; Bauriedl et al., 2020; 

Holmqvist et al., 2018; Jerome & Frost, 1999). The effect of changes in the tail length on ProQ 

binding demonstrated that a 4 nucleotide tail was a minimal requirement to maintain binding 

affinity similar to WT (Stein et al., 2020). We generated SL3s with longer or shorter 3’ tails and 

EMSA showed that even deletion or extension of the tail by a single residue resulted in a marked 

reduction in binding affinity (Figure 3-4D, 3-5D, 3-6B).  The dissociation constant of RocR6nt was 

too low to be calculated and RocR4nt showed 5.5 times lower binding affinity than WT, RocRSL3. 

Even though the KD value of RocR3nt and RocR7nt showed tighter binding than RocR4nt, they were 

not accurate since their binding fraction was below 40%. Removal of the 3’ ssRNA tail altogether 

completely eliminated RocC:RocR interactions. The importance of the 3’ tail length led us to test  
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Figure 3-4. Expression test of different RocC constructs and results of binding tests using 

EMSA.  

(A) SDS-PAGE gel to test expression level of different RocC deletion mutants. + indicates IPTG 

induction and – means before induction. Arrows indicates overexpression of designated constructs. 

(B-F) Representative EMSA gels with the indicated RocC and RocR constructs. The lanes 

represent 2-fold serial dilutions of RocC concentration gradient from 32 μM (10th lane) to 0.125 

μM (2nd lane) (B) Comparison of the effect of loop and stem composition on binding affinity (C) 

Analysis of stem length on binding affinity. (D) Effect of 3’ ssRNA tail length on binding affinity. 

(E) Effect of substitution mutations on binding affinity. (F) Effect of 5nt tail of RocR on binding 

affinity.  

 

 

 

Table 3-1. Binding affinities measured using EMSA. (A) Binding affinities for the indicated 

RocC:RocRSL3 complexes determined by FP (see Figure 3-5A). (B) Binding affinities for the 

indicated RocRSL3 bound to RocC14-126 as determined by EMSA (see Figure 3-5B, C, D, F).  

 

 

whether the 5 nucleotide tail by itself (RocRtail) is sufficient to bind RocC, however this RNA did 

not interact with RocC under EMSA conditions (Figure 3-4F). This work indicated that the FinO 

domain of RocC preferentially binds an SL3 with a minimum 5 base pair stem and a 5 nucleotide 

3’ single stranded tail.  
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Figure 3-5. Binding analyses of various RNA constructs with different FinO domains of RocC 

using fluorescence polarization (FP) and electrophoretic mobility shift assay (EMSA).  

(A) FP binding assay for 5’ FAM-labeled SL3 with different FinO domains of RocC. (B), (C), and 

(D) EMSA binding assay for RocC14-126 with 5’ radiolabeled SL3 with different loop size, stem 

lengths, and tail lengths, respectively. (E) EMSA binding assay for RocC14-126 with 5’ radiolabeled 

SL3 with various substitution mutants. (F) FP binding assay for 5’ FAM-labeled DNA version of 

SL3 with RocC14-126.  
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Figure 3-6. Various RNA constructs used for binding tests.  

(A) SL3 with different stem lengths. (B) RocRSL3 with different tail lengths. (C) RocRSL3 with 

different loop sizes. (D) Predicted folding of RocR9bp-tet, crystallized with RocC14-126 using 

RNAfold web server. The color gradient indicates confidence in the prediction. (E) Various 

substitution mutants. Underline shows predicted double-stranded stem. Red indicates substitutions 

from the original sequence. 
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3.3.5. RocC:RocR recognition is not sequence-specific 

Our EMSAs with different tail lengths demonstrated RocC requires a 5 base-pair stem and 

especially recognizes the SL3 5nt 3’ tail, UUUCU. Previous work suggested that the precise 

sequence of FinP SLII is not critical for FinO interaction (Jerome & Frost, 1999). Neither 

substitutions at the base of the stem, nor sequence substitutions in the 3’ ssRNA tail resulted in 

large reductions in binding affinity. Arthur and colleagues tested the importance of the chemical 

integrity of the 3’-most nucleotide of the tail for interaction of FinP SLII with FinO. 

Phosphorylation of the 3’ nucleotide blocked binding, which could be restored by phosphatase 

treatment. Binding could be further blocked by NaIO4 oxidation of the terminal ribose, suggesting 

the importance of the terminal 3’ hydroxyl group of FinP in FinO recognition (Arthur et al., 2011).  

We were interested to test if RocC bound RocR in a sequence-specific manner. We 

substituted the GC-rich sequence at the base of the stem with AU base pairs and found that this 

did not significantly impact the binding affinity. Likewise, the introduction of adenine at either the 

4 positions or the terminal 5 positions of the polypyrimidine tail (5’-UUUCU-3’) did not 

significantly impact binding, suggesting a lack of sequence specificity in recognition of this region 

(Figure 3-4E, 3-5E). In contrast to the results with FinO, however, phosphorylation of the 3’ 

terminal nucleotide of RocR SL3 does not significantly reduce RocC binding affinity (Figure 3-

4E). Interestingly, the SL3 sequence in DNA (U replaced with T) failed to bind RocC (Figure 3-

4F). In conclusion, RocC recognizes geometry of the A-form RNA helix with a 5 nucleotide 3’ 

tail.  

 

3.3.6. FinO domain of RocC binds to intrinsic terminator of RocR, 1:1 

 Ghetu and colleagues performed gel shift assays using FinO and GST-FinO to examine the 

binding ratio between FinO and SLII of FinP, demonstrating the formation of a one to one complex 

(Ghetu et al., 1999). From this previous stoichiometry study, we hypothesize that the FinO domain 

of RocC and SL3 of RocR will show the same 1:1 binding. In vitro transcribed SL3 was incubated 

with either RocC or GST-RocC or a mix of both RocC and GST-RocC for 30 minutes. If RocC 

binds RocR as a 1:1 complex, then we would expect to see complex bands corresponding to 

RocC:RocR or GST-RocC:RocR. However, if RocC instead bound the RNA as a dimer, we would 

expect to see three shifted species in the RocC + GST-RocC sample corresponding to the two 
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homodimers, as well as a RocC:GST-RocC heterodimer bound to the RNA. The results clearly 

show that no heteromeric complex is observed in the sample in which RocC and GST-RocC are 

mixed, consistent with a 1:1 RocC:RocR binding stoichiometry (Figure 3-7A, B). The oligomeric 

states of individual components, truncated RocC (non-GST tagged) or RocR, and protein:RNA 

complexes were confirmed by SEC-MALS (size exclusion chromatography-multi angle light 

scattering) (Figure 3-7C). Individual components showed single peak through SEC and the 

measured molecular weight indicated that RocC and RocR bind in a 1:1 stoichiometry in solution 

(Figure 3-7E).  

 

3.4. Discussion 

We showed here that the FinO domain of RocC containing a short, proteolytically sensitive 

N-terminal region is necessary and sufficient for high affinity interactions with RocRSL3. The 

deletion of ten residues in a range of 14-23 weakened binding to RocRSL3 ~3-fold, suggesting that 

these ten residues are important to form a stable complex. The extensive screening with variously 

modified SL3 constructs concluded that SL3 requires at least a 5 base-pair stem, and a 5 nucleotide 

3’ tail to be recognized by RocC. RocC and RocR SL3 were shown to form a stable 1:1 complex 

using modified EMSA and SEC-MALS.  

 

3.4.1. RocC14-126 is a minimal protein domain that tightly binds to SL3 

Previous deletion studies using FinO stressed the importance of the FinO domain as an 

RNA binding core (Arthur et al., 2003; Ghetu et al., 1999). Analysis of the binding affinities of 

several RocC truncation mutants to SL3 using FP provided insight into the regions of RocC that 

are important for interactions with SL3. We did not observe dramatic differences between RocC1-

126, 14-126, and 1-137 binding affinities, even though the RocC1-126 construct used in previous EMSA 

study (Attaiech et al., 2016), showed slightly higher binding affinity than the others. An interesting 

result was observed comparing RocC14-126 and RocC24-126. While RocC24-126 corresponded to 

trypsin-stable folded core, it displayed ~3 times weaker binding affinity than the larger construct, 

indicating a role for the apparently flexible 14-23 region. RocC24-126 was a highly soluble construct 

(maximum solubility was 110 mg/mL) and stable over the purification, suggesting the defect in 
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binding was not a folding problem, but instead was the direct lack of the 14-23 region. Previous 

studies showed that deletion of the extended N-terminus in FinO1-45 actually enhances FinO 

binding to SLII of FinP, however this deletion resulted in a functional loss in vivo (Arthur et al., 

2003). Four out of ten residues in 14-23 are positively charged residues, consistent with the idea 

that this region might make electrostatic interactions with RNA (Figure 3-3).  

 

3.4.2. RocC requires a minimal 5 base-pair stem base and 5 nucleotide 3’ tail for optimal 

binding 

Our RNA mutagenesis analysis indicates that the 5 base pairs at the base of the SL3 hairpin, 

as well as the 5 nucleotide single stranded 3’ tail are critical elements for recognition. Extending 

the length of the stem, or modifying the sequence of the loop to the stable UNCG tetraloop did not 

significantly affect binding affinity. Our finding that the thermodynamically stable (Bottaro & 

Lindorff-Larsen, 2017) UNCG tetraloop was compatible with binding was of interest as this 

relatively rigid structure might be an aid for our future crystallization efforts. Unlike coaxial 

stacking of A form helices, a flexible loop could interrupt crystal packing so that replacing the 

exposed loop with stable tetraloop is one of strategies to increase the chance of protein:RNA 

complex crystallization (Golden, 2007; Reyes et al., 2009). Our results showed that replacement 

of the loop, and even removal of two base-pairs from stems closer to the loop, does not influence 

their interactions with RocC (Figure 3-4B, 3-5B). This result was consistent with previous findings 

in the FinOP system. Sequence alignment of FinPs from various plasmids showed the double 

stranded stem to be highly conserved, however the unpaired loop is not conserved, and it has been 

suggested that this result suggests that the unpaired loops are not contacted by FinO and instead 

are critical for FinP-mRNA binding (Frost et al., 1994).   

A striking finding from our present work is that RocC selectively binds to Rho-independent 

terminator structures with a 5 nucleotide 3’ polypyrimidine tail (Figure 3-4D, 3-5D). Reduction or 

elongation of the tail length by just one nucleotide resulted in dramatic deterioration in binding, 

with many of the mutated RNAs failing to demonstrate binding saturation under the EMSA 

conditions. The effect of tail length on the binding of E. coli ProQ for one of its natural targets, the 

malM 3’ UTR revealed somewhat different conclusions (Stein et al., 2020). In this case, the natural 

malM 3’ UTR has a 7 nucleotide 3’ tail, however changes to the tail length from 4 to 9 nucleotides 
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did not affect binding affinity, but, deletion of the tail to 3 nucleotides or less led to a loss in ProQ 

binding (Stein et al., 2020). Hfq is another RNA chaperone in bacteria which is known for 

recognizing the intrinsic terminator shape of sRNAs to regulate gene regulation. Hfq represses 

expression of the ptsG gene through the SgrS sRNA in response to glucose-phosphate stress in E. 

coli. One study showed that by shortening the 3’ tail from 8 nucleotides (WT) to 4 nucleotides, the 

repression of ptsG mRNA was gradually reduced due to weaker binding (Otaka et al., 2011b).  

Co-immunoprecipitation coupled with RNA deep sequencing revealed RocR as the 

primary RocC binding partner in L. pneumophila (Attaiech et al., 2016). The fact of this high 

selectivity presented the possibility that RocC might bind its RNA target in a sequence-specific 

manner. The RocR 3’ tail is not pure penta-uridine, but has one cytosine at the penultimate position 

(5’-UUUCU-3’), which we reasoned might provide binding specificity. Mutation of this nucleotide 

to adenosine resulted in an ~1.5-fold reduction binding affinity, indicating that a cytosine (or even 

a pyrimidine) might be selected for at this position. We also tested the importance of the sequence 

in the lower stem. Mutation of the 4 G-C pairs in the region to A-U weakened binding ~2-fold 

compared to RocRSL3, suggesting at best only a minor role for sequence specificity. Our previous 

work on FinO (Arthur et al., 2011) indicated that the integrity of the 3’ terminal nucleotide in FinP 

is especially critical for FinO binding. In RocR, the terminal nucleotide is a U and mutation of this 

residue to an A only reduced binding affinity ~2-fold. Contrary to our previous results in the FinO 

system, phosphorylation of the terminal residue only showed a minor, ~1.5-fold reduction in 

binding affinity for RocC:RocR binding. However, we note that this experiment was performed 

with T4 PNK-labeled RNA. T4 PNK is also a 3’ phosphatase, and therefore it is very possible that 

the 3’-phosphate might have been removed in that experiment. We did not see any RocC binding 

to a DNA version of RocR SL3, indicating that RocC must sense the ribose sugars of the RNA, 

either directly, or potentially indirectly through geometric differences between the RNA A-form 

helix and the DNA B-form helical structure (Figure 3-5F).  

3.4.3. FinO domain of RocC and SL3 of RocR form a 1:1 complex 

 Our stoichiometry study showed that the FinO domain and its target sRNA binds in a 1:1 

complex, both via an EMSA experiment as well as by SEC-MALS (Figure 3-7). Similar 

experiments were previously performed with full-length FinO and its target region SLII of FinP 

(Ghetu et al., 1999). A recent study of E. coli ProQ, which has 34% sequence similarity with RocC, 
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reported that not only the FinO domain, but also the ProQ Tudor domain could contact RNA, 

opening up the possibility for more complex binding modes (Gonzalez et al., 2017). Evidence for 

this came from HDX experiments which showed that parts of the ProQ linker and Tudor domains 

are protected by interacting with SraB, one of the ProQ RNA targets, indicating that linker and C-

terminal domain are involved in RNA binding event. However, it is still unknown if either RocC 

or ProQ lacking the FinO domain can act as an independent RNA binding protein.  

Together, our work identified minimal RocC and RocR constructs that form a stable 

complex. This established the foundation of sample preparation for our further structural and 

biochemical analysis of this system. 
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Figure 3-7. Stoichiometry study between FinO domain of RocC and intrinsic terminators.  

32P-labeled SL3 of RocR was incubated with either RocC1-126 or GST-RocC1-126 in ice for 30 

minutes. Complex formation was tested by native gel electrophoresis and the bands corresponding 

to RocRSL3, RocC1-126:RocRSL3, and GST-RocC1-126:RocRSL3 are indicated. (A) Native gel stained 

with SYBR safe. (B) Native gel stained with Coomassie blue. (C) and (D) SEC-MALS results 

demonstrating that RocC forms a 1:1 complex with RocRSL3. (E) Predicted and experimental 

masses as determined by SEC-MALS.  
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Chapter 4. 

Structural understanding of how RocC recognizes the RocR intrinsic terminator 
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4.1. Overview 

 The FinO family is an RNA binding protein in proteobacteria that recognizes its target 

RNAs through its FinO domain. Despite the emerging importance of the FinO family as a post-

transcriptional regulator associated with sRNAs, there is a lack of understanding in how members 

of the FinO family recognize their binding partners. To understand the mode of binding of the 

FinO domain:RNA complex, we tried to crystallize one of the FinO family, RocC, with its specific 

binder, RocR. Our systematic approaches, including buffer screening and additive screens, 

produced diffracting crystals which we used to determine the structure of two apo-RocC and one 

RocC:RocR complex using X-ray crystallography. The complex structure reveals specific 

recognition of the 3' nucleotide of the terminator by a conserved pocket involving a -turn--helix 

motif, while the hairpin portion of the terminator is recognized by a conserved -helical N-cap 

motif. The structure of the complex was also investigated using SEC-SAXS. The excellent 

agreement of the crystallized complex with the SEC-SAXS model suggests that the FinO domain 

in complex with the intrinsic terminator is static in solution. Taken together, these data reveal the 

molecular mechanism of how the FinO domain recognizes its binding partner RNA.  

 

4.2. Introduction 

 The FinO family of proteins is defined by the FinO (PF04352) domain. The FinO domain 

is a small, α-helical structure of around 100 amino acids with a positively charged, concave side 

that is thought to be a primary RNA interaction surface (Ghetu et al., 2000; Gonzalez et al., 2017; 

Immer et al., 2020). Multiple FinO domain proteins have now been shown to bind to Rho-

independent transcription terminators, and in the case of FinO and ProQ, these interactions have 

been shown to be mediated through this conserved concave surface (Arthur et al., 2011; Ghetu et 

al., 2002). Phylogenetic analysis showed that FinO domain-containing proteins are widely 

distributed across proteobacteria and FinO domains are usually flanked by flexible N- and/or C-

terminal extensions (Attaiech et al., 2016, 2017),(Attaiech & Charpentier, 2016). Exceptions 

include NMB1681 in N. meningitidis (Chaulk et al., 2010) and Lpp1668 in L. pneumophila (Immer 

et al., 2020) which only consist of the FinO domain. Pioneering work on FinO indicated that the 

folded FinO domain is responsible for RNA binding, while its N-terminal flexible extension is 

involved in chaperone activity (Arthur et al., 2003). To date, there have only been structures 
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determined of the isolated FinO domains of FinO, NMB1681 and ProQ  (Chaulk et al., 2010; 

Ghetu et al., 2000; Gonzalez et al., 2017).  

 A question that has not been answered is the mode of sRNA recognition by the FinO family 

to conduct sRNA-mediated gene regulation. The determination of the FinO protein structure 

(Ghetu et al., 2000) enabled the design of FinO mutants to test what surfaces of the protein were 

in contact with the target SLII RNA through site-specific crosslinking experiments (Ghetu et al., 

2002). In addition, a gel-based FRET technique (gelFRET) was used to assess the relative 

proximity of different residues on the surface of FinO from either the base or the top of the stem 

of the SLII RNA. These studies showed that most residues that bind to SLII are distributed on 

positively charged patches and that these regions are in closest contact with the base of the stem 

and 3’ single-stranded tail (Ghetu et al., 2002).  

RNase footprinting of the SLII and SLIIc in the presence and absence of the FinO protein 

demonstrated that FinO protects the base of the stem and the 3’ single-stranded tail (Arthur et al., 

2011). Interestingly, the level of protection of the stem base on the 5' and 3' sides was different. 

SLIIc does not show any protection on the 5' side, and SLII showed some protection on the 5' side, 

but it was only a limited area compared to the 3' side. In both RNA samples, the 3' tail was 

protected. RNase footprinting concluded that the FinO protein interacts with its target RNAs 

through the 3' tail and lower stem, especially the 3' side of the stem. A FinO:SLII model was 

suggested using SAXS and restrained based on the biochemical studies. The model suggested the 

3' tail was bound to the positively charged pocket, and the stem was located along the elongated 

N-terminal α-helix of FinO.  

 An integrated structural approach including SAXS was also used to probe the mode of 

binding of E. coli ProQ with one of its target RNAs, SraB (Gonzalez et al., 2017). The ProQ 

contains a different domain structure from FinO protein. Unlike FinO, ProQ has the FinO domain 

in the N-terminus, connected via a flexible linker to a Tudor-like domain within the C-terminus. 

The Tudor domain adopts an SH3-like fold and, in eukaryotes, interacts with methylated lysine 

and arginine. Hydrogen deuterium exchange (HDX) protection suggested that not only the FinO 

domain, but also the Tudor domain may contact RNA.        
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 A bacterial three-hybrid (B3H) approach was further used to test the impact of surface-

exposed point mutations on interaction of ProQ with either of two target stem-loop terminator 

RNAs from SibB and cspE transcripts (Pandey et al., 2020). These results suggested that the two 

target terminators are bound similarly, however with some potential differences. This suggested a 

model for interaction in which the conserved concave positive surface was a key interaction region. 

however, it was also suggested the RNA would wrap around the protein to interact with the 

opposite surface of the domain.   

 Thus, over the last two decades there have been several efforts to understand the molecular 

mechanism of RNA target recognition of the FinO domain. However, the mode of binding at the 

molecular level is still unclear. The lack of clarity results from a dearth of structural information 

for the FinO family in complex with target RNAs. As we observed from the history of the structural 

study in FinO with its partner RNA, it is challenging to obtain structural information of the 

protein:RNA complex. According to protein data bank (https://www.rcsb.org) statistics on 2022 

Feb 04, 186,670 structures were deposited. The structures containing protein and RNA together 

were 2.23% (4,159), which was lower than the number of the structures containing protein and 

DNA together (3.52%, 6,572). Among the 4,159 protein:RNA complexes, 1,571, 37.8%, were 

determined by electron microscopy. Electron microscopy has shown a remarkable development in 

resolution and the available size of molecules that can be studied. However, current electron 

microscopy technologies require that determined crystal or NMR structures to be docked into EM 

density due to the limitation of low resolution. Given the current limitation of EM to determine 

the atomic structure, molecular mechanism studies are mainly implemented by X-ray 

crystallography and NMR. Excluding the protein:RNA structures determined by EM leaves only 

2,588 structures containing protein:RNA complexes in the PDB. This is only 1.4% of the deposited 

structures and this reflects how challenging the structural study of protein:RNA complexes can be. 

Despite these difficulties, we attempted to obtain crystals of the protein:RNA complex by 

systematic approaches as described below. 

 

4.2.1. The strategy to grow crystals and improve the quality of the crystals 

 A crystal is an array of regularly repeated and homogenous molecules. In X-ray 

crystallography, the homogenous molecules are biomacromolecules, such as protein, DNA, or 
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RNA. Structure determination using X-ray crystallography requires a crystal from the 

biomacromolecule of interest, which enhances X-ray scattering. Integration of the diffraction 

intensities, together with the relative phase differences between the different diffraction spots are 

used in a mathematical process called a Fourier transform to calculate the three-dimensional 

electron cloud of the biomacromolecule in the crystal. The structure is built and fitted into the 

electron density, and repetitive refinement finalizes the three-dimensional structure.  

 The preparation of the homogenous molecule is the start of the crystallization process. 

There are a number of crystallization methods, and vapour diffusion is the most commonly used 

technique. The reservoir solution (crystallization condition) and a mixture of the molecule to be 

crystallized and reservoir solution, are placed in a sealed system. The reservoir solution is a 

mixture of chemicals comprising a buffer system, salt, and precipitant. The precipitant in the 

reservoir solution plays a crucial role in decreasing the solubility of the biomacromolecule. The 

decrease of solubility induces crystal formation. Higher precipitation concentrations of reservoirs 

promote the evaporation of water in the drop. Evaporation of water results in the incremental 

increase of protein and precipitant concentration in the drop (Figure 4-1). According to Chayen 

and Saridakis, crystals develop in two phases: first, the nucleation phase and second, the growth 

phase (Chayen & Saridakis, 2008). As the phase diagram depicts (Figure 4-1), the concentrations 

of protein and precipitant in the drop should be stalled in the nucleation zone so that the 

biomacromolecule can form crystal nuclei. The formation of nuclei will drop the protein 

concentration, and nuclei move into the growth phase in the metastable zone. The search for the 

nucleation and metastable zones is challenging, and it requires trial and error by controlling 

variables. There are innumerable factors that could be tested, and McPherson and Garvira 

categorized these variables into three categories: physical, chemical, and biochemical variables 

(McPherson & Gavira, 2014). In the following section, we will discuss the methods to test 

variables for successful crystallization. In addition, some techniques will be introduced to improve 

the probability of crystallization and the quality of the crystal. 

 

4.2.2. Generation of the crystallizable constructs 

 The characterization of the biomacromolecule to be studied should be carried out prior to 

crystallization. Understanding the molecule and the goal of the structural study is essential to  
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Figure 4-1. Crystallization phase diagram by vapour diffusion.  

The black arc indicates the concentration of protein and precipitant in the drop when the crystal 

plate is set up. Dotted line arrow indicates the protein and precipitant concentration changes in 

regular setup as time passes. The solid line arrow indicates that the protein and precipitant 

concentration changes after seeding as time passes. 

 

design the constructs to be crystallized. For example, the inhibitor of apoptosis-stimulating of p53 

(iASPP) is a regulatory subunit that confers specificity to the protein phosphatase 1 catalytic 

subunit (PP-1c). iASPP is comprised of 828 amino acids and secondary structure predictions 

indicated that the N-terminal ~ 600 amino acids were not structured, and only the C-terminal ~230 

amino acids were structured. This C-terminal domain had also been shown to be necessary and 

sufficient to bind PP-1c. The goal of Zhou and colleagues was to understand the mode of binding 

of the iASPP:PP-1c complex, and therefore they focused on the structured C-terminal 230 amino 

acids for structural study. iASPP628-828 in complex with PP-1c was crystallized and the structure 

was determined (Zhou et al., 2019). The structural study of iASPP:PP1c showed that it is essential 
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to understand the characteristics of biomacromolecules to be crystallized and to generate 

crystallizable constructs.  

The goal of engineering crystallizable constructs is finding the minimal and functional 

constructs which will answer one's scientific question. These constructs can be designed by 

truncating dispensable flexible regions, which tends to degrade and disrupt crystallization. 

Structured protein constructs can be predicted using bioinformatics tools, such as secondary 

structure prediction or sequence alignment, to reveal conserved regions that might be functionally 

and structurally important. Limited proteolysis coupled with mass spectrometry is a common 

method to reveal the boundaries of a folded protein construct. Minimal RNAs for protein:RNA 

complex formation can be determined using RNase footprinting. Comparison of protected regions 

on RNA in the absence or presence of the binding partner will distinguish the critical part from the 

dispensable region for the interaction (Arthur et al., 2011). These minimal RNA constructs also 

can be explored by studying the binding affinity of truncation mutants (Chapter 3).    

 

4.2.3. Buffer screening to enhance the stability of the biomacromolecules 

 The buffer solution mimics the physiological condition of the protein in the cell. Most of 

the experiments are performed in vitro after purification, and the choice of buffer solution affects 

the biomacromolecule of interest in terms of its stability, solubility, activity, etc. The solubility 

and stability of the protein correlate to the likelihood of yielding crystals. For this reason, the buffer 

solution should be carefully screened to increase the probability of crystallization. The buffer 

solution often comprises three components: buffering systems, salts, and additives. The most 

common choice of the buffer usually has a pKa around pH 7.4, which is the physiological pH. 

Several buffers, such as Tris, HEPES, phosphate buffers can buffer near pH 7.4. However the 

influence of the buffer system on the protein's stability is unpredictable, and experiments should 

be carried out to choose the buffer system, and in many instances proteins have been found to be 

most stable and crystallize best at pHs significantly different than physiological, thus pH is often 

a primary variable in the hunt for crystallization conditions. The salt in the buffer solution plays a 

role in the solubility of the protein. NaCl or KCl are the most commonly used salts, and 150 mM 

concentration is often chosen to imitate physiological conditions. Low concentration of salt 

increases protein solubility by interacting with hydrophilic part of protein that helps hydration 
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shell, increasing protein solubility (salting in) (McPherson & Gavira, 2014). Once protein 

solubility reaches the maximum point enhanced by salt concentration, high salt starts to compete 

with protein to interact with solvent in an aqueous solution. This competition results in the 

precipitation of protein molecules, called "salting out". Due to the different natures of proteins, the 

optimal salt concentration for individual protein stabilization can be quite different. Additives are 

optional elements depending on the nature of the biomacromolecule. For example, polyamines are 

commonly used in protein:RNA crystallization to decrease the electrostatic repulsion from the 

RNA backbone phosphate (Sauter et al., 1999). The choice of buffer solution influences the quality 

of protein and the success of crystallization, so it should be carefully screened.   

 The buffer solution is expected to influence protein homogeneity, stability, and solubility, 

and the characterization of buffer components increases the probability of growing diffracting 

crystals. Thermal shift assay (TSA) and dynamic light scattering (DLS) are established techniques 

to find optimal buffer conditions for crystallization from a different perspective. The TSA is a 

method to screen the thermal stability of the protein in different solution conditions (Ericsson et 

al., 2006). The sample is mixed with Sypro Orange in the different buffer solutions. Gradual 

increment of temperature induces protein denaturation, exposing the hydrophobic core. The 

hydrophobic surfaces buried in a soluble state interact with Sypro Orange. Nonspecific interactions 

with hydrophobic residues leads Sypro Orange to emit a fluorescent signal. The increasing signal 

is quenched by the aggregation of proteins which blocks signal emission. The temperature at the 

midpoint between the highest and lowest temperatures is defined as the melting temperature (Tm). 

The calculated Tm from the fluorescence signal reflects the thermal stability of the protein 

depending on different conditions. Comparison of the Tm can identify conditions to maximize the 

thermal stability of the protein of interest.   

 Borgstahl described how to use DLS to improve the chance of crystallization and quality 

of crystal in her methodology publication (Borgstahl, 2007). DLS measures the size of the 

molecules in the given buffer solutions. The molecule of interest in solution experiences Brownian 

motion. The collision of the irradiated laser light with molecules scatters the light. Due to the 

Brownian motion of molecules, the detector records the fluctuating intensity signal and measures 

it as photons per unit time. The diffusion rate of the molecules depends on their size. The bigger 

the molecules, the slower the diffusion, which causes less fluctuation signal for bigger particles. 
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From this data, we can derive the translational diffusion coefficient (DT), and the hydrodynamic 

radius (RH) can be calculated from DT. In addition, DLS can reveal the polydispersity of the 

molecule, which allows estimating the probability of crystallization since more monodisperse 

molecules tend to crystallize more readily than polydisperse samples. Light scattering intensity is 

proportional to the square of the size of the particle, and thus DLS can be a particularly useful 

method to determine if the preparation contains aggregated components. 

 

4.2.4. Strategies for obtaining protein in complex with ligand 

There are two approaches to obtain protein in complex with ligand: crystal soaking and co-

crystallization. The crystal soaking method requires pre-grown crystals. The pre-grown crystal is 

incubated with the dissolved ligand of interest. In general, the solvent content of protein crystals 

generally ranges from 27% to 65% (Chruszcz et al., 2008). The presence of solvent channels 

through most crystals will allow traversing the small ligand through the solvent channel and 

reaching the active site of the crystallized protein. The soaking method is particularly useful for 

small inhibitors which can more easily diffuse through crystal solvent channels. The soaking 

method requires wide solvent channels that the small molecules can travel through. In addition, it 

is vital to confirm that the binding site is accessible in the crystal lattice. Steric hindrance will 

prevent the ligand from accessing the binding pocket. Due to the feature of utilizing a pre-formed 

crystal, structural changes induced by ligand binding will not be detected or could lead to breakage 

of the crystal.  

Co-crystallization is performed by incubating the apo-protein in a solution with a ligand. 

The formation of the protein /ligand complex prior to crystallization allows the complex to undergo 

conformational changes induced by the interaction. Theoretically, there is no limit on ligand size 

because the protein/ligand forms a complex in advance of the formation of a crystal.   

 

4.2.5. Strategy for improving the quality of the crystal 

 Extensive sparse matrix screening increases the likelihood of obtaining initial crystals. 

Once a promising condition is found from a matrix screen, further optimization is usually required 

to increase crystal size and diffraction quality.     
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 Tiny crystals formed from initial screens often occur as “showers” of many crystals, 

indicating the formation of many nucleation sites. The number of nucleation sites could be 

decreased by reducing protein concentration. Additives such as 1-5% of glycerol in the drop can 

be used as a nucleation inhibitor. "Seeding" could also be tried in this case. Seeding is a technique 

larger crystals can be grown (seeded) from preliminary small crystals. Seeding provides the 

nucleation sites for crystal growth, often avoiding the crystal shower problem (Figure 4-1). 

Seeding can be performed in two ways; streaking and microseeding. Crystals should be small to 

act as seeds so that crystals should be physically crushed. In the streaking method, a cat whisker 

is often used. The cat whisker is dipped into crushed crystal solution, and the crushed crystals are 

transferred by streaking on the drop, which is prepared for vapour diffusion. In the microseeding 

method, the crushed crystals are serially diluted with reservoir solution, and diluted crystals are 

transferred to the drop for vapour diffusion using a pipette. If the initial screen instead only gives 

a few very small crystals, this is usually an indication that the protein concentration is too low. 

 The poorly packed crystal causes an unstable crystal or low-resolution diffraction.  There 

are many aspects to be considered to improve low quality crystals. However, temperature and 

additive screening are two simple parameters that can be tested. Temperature influences 

biochemical properties of the protein, such as solubility and stability, and biophysical kinetics, 

such as the evaporation rate in the crystallization vapour diffusion process. The impact of protein 

solubility was tested with a set of 30 randomly chosen proteins (Christopher et al., 1998). 86% of 

these proteins showed temperature-dependent solubility, suggesting temperature is one of the 

parameters that governs protein solubility. Temperature also affects the water evaporation rate 

from the droplet in vapour diffusion (Martins et al., 2008). The evaporation rate is associated with 

the speed of the protein and precipitant concentration changes. Fast evaporation might prevent the 

formation of crystal nucleation sites in the precipitation zone (Figure 4-1). Slow evaporation could 

fail to reach the nucleation zone where crystals cannot grow. As described above, additive screens 

are another option to improve the quality of the crystals.  

 In this chapter, I describe the journey to optimize the crystallization conditions to enhance 

the probability of crystallization. We investigated previous crystallization conditions to have 

insight into RocC crystallization. TSA and DLS were used to screen optimal buffer conditions 

from different perspectives thermal stability and polydispersity, respectively. Many variables were 
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tested, and techniques were performed to obtain high-quality crystals and improve the quality of 

the crystals. As a result of optimization, we determined apo-RocC structures and RocC in complex 

with the intrinsic terminator. The apo-RocC showed a highly α-helical structure similar to other 

previously determined FinO domains. Modified SL3 of RocR was revealed to interact through the 

3' tail and base of the stem with almost all contacts occurring through the tail and 3' side of the 

stem. The lower stem of SL3 binds through the N-cap motif on the concave side of RocC. The 3' 

tail binds to the positively charged pocket. SEC-SAXS analysis of the complex revealed that 

crystal structure represents the conformation in solution.       

  

4.3. Results 

4.3.1. Buffer optimization for crystallization 

 We optimized the purification method for the designed constructs (Chapter 3.1) for 

structural study with little modification of the previous RocC purification method (Attaiech et al., 

2016). The purified RocC was in the buffer 50 mM HEPES pH 7.3, 150 mM NaCl, 1 mM DTT 

(Attaiech et al., 2016). The structure of the RocC FinO domain was predicted using SWISS-

MODEL (Waterhouse et al., 2018) and showed a high degree of structural similarity to the crystal 

structures of E. coli FinO (PDB ID/1DVO, RMSD = 2.09 Å) or N. meningitidis NMB1681 (PDB 

ID/3MW6, RMSD = 3.53 Å). We investigated the crystallization conditions of these two proteins 

to look for common themes that could provide leads for RocC crystallization. FinO26-186 was 

crystallized at a final concentration at 5 mg/mL in 50 mM MES pH 6.5, 150 mM NaCl, 1 mM 

EDTA, 0.1% β-mercaptoethanol (v/v) buffer with a reservoir solution 12% PEG 4000, 50 mM 

Tris, pH 7.2 at 4 °C using hanging drop vapor diffusion method. NMB1681 was crystallized at 45 

mg/ml in a solution of 20 mM Tris pH 7.5, 500 mM NaCl, 2 mM DTT, and a reservoir solution of 

0.1 M Bis-tris, pH 6.5, 0.17 M MgCl2, 21% (w/v) PEG3350 using sitting drop vapour diffusion 

method at 4°C and 18°C. A common feature of the two conditions was that both crystals were 

formed at lower than room temperature. Furthermore, this comparison showed that the solubility 

of NMB1681 was much higher than the FinO fragment that was crystallized. Our previous 

experience with FinO was that the full-length protein or the nearly full-length 26-186 construct 

was only poorly soluble and only at low temperatures. These proteins at room temperature or above 

rapidly precipitated when at high concentrations. In contrast, NMB1681, which is essentially just 
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a FinO domain, was much more soluble. We had also found that more minimal FinO constructs 

lacking the flexible N-terminal region was, like NMB1681, much more soluble. Based on these 

observations, we felt that it would be critical to carefully define the minimal RocC FinO domain 

to obtain a protein construct that would be highly soluble and amenable to structural studies. We 

performed a solubility test with RocC24-126. The test was designed to assess the solubility of 

RocC24-126 in 25 mM Tris pH 8.0, 150 mM NaCl, 1 mM DTT buffer as it concentrates in a centricon 

until it forms white precipitate. There was no precipitation observed up to 110 mg/mL and we 

stopped concentrating RocC due to the shortage of protein. We failed to find the maximum 

solubility of RocC. However, this result was sufficient to demonstrate the highly soluble nature of 

the FinO domain of RocC. Literature reviews and the solubility assay led us to test various 

concentrations (2.5 mg/mL to 33 mg/mL) and different temperatures (4°C, 16°C, and 25°C) to 

crystallize RocC.  

 To increase the probability of crystallization, we screened for optimal buffer conditions 

using TSA (Ericsson et al., 2006) and DLS (Borgstahl, 2007). We used TSA to measure changes 

in RocC thermal stability with changes in buffer pH in a range of pH 3.0 to pH 10.25 in 50 mM 

buffer and 50 mM NaCl (Figure 4-2A). The results showed that RocC was denatured even at the 

initial temperature of 20°C at pH 3.0 and pH 4.0. MES pH 6.0 and NaPO4 pH 7.0 showed similar 

Tm, ~33°C, which indicated that the low stability was really due to the low pH, not MES. Tris pH 

8.0, CHES pH 9.0, and CAPS pH 10.25 gave a Tm ~40°C, indicating that RocC showed similar 

stability from pH 8.0 to pH 10.25. However, the positive control, 25 mM HEPES pH 7.3, 150 mM 

NaCl, displayed slightly higher Tm, 43.5 °C than second place, Tris pH 8.0. The thermal shift assay 

suggested that pH 7.3 HEPES and pH 8.0 Tris are an optimal buffers for RocC and these were 

tested in crystallization trials.  
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Figure 4-2. Thermal shift assay of RocC24-126 with different pH buffers.  

(A) Fluorescence signal changes of RocC24-126 with temperature changes from 20°C to 95°C. in a 

range of pH 3.0 to 10.25. (B) Tm bar graph (C) Tm calculation chart and corresponding numbers. 

 

 DLS was used to screen the impact of salt concentration on protein homogeneity. DLS is 

a sensitive tool to estimate the size of molecules and their size distribution in the buffer. The high 

sensitivity of DLS toward bigger molecules allows screening diverse buffer conditions that induce 

aggregation or different oligomeric states. RocC24-126 was in 25 mM Tris pH 8.0, with three 

different salt concentrations, 150 mM, 75 mM and 37.5 mM (Figure 4-3A-C). All results displayed 

two populations; a population of small hydrodynamic radius (RH ~ 0.02 nm) representing solvent, 



 88 

and a second population corresponding to RocC24-126, with over 97% of the scattering intensity. 

We used DLS to estimate the polydispersity of the sample. Polydispersity values of less than 30% 

indicates samples which are "likely to be crystallized" (Borgstahl, 2007). RocC in 150 mM, 75 

mM, 37.5 mM NaCl showed 19.7, 21.3, 22.0% of polydispersity (Figure 4-3A-C), respectively, 

suggesting that RocC is highly monodisperse in a range of 37.5 mM to 150 mM NaCl 

concentration. Figure 4-3D is the repetition of Figure 4-2C the next day, indicating that the 

monodisperse sample is stable over time. DLS results demonstrated that RocC crystallization could 

be tried in lower salt conditions. In summary, buffer and salt concentration screening suggested 

two buffers for RocC crystallization: 30 mM NaCl, 1 mM DTT with either 25 mM HEPES pH 7.3 

or 25 mM Tris pH 8.0. Solubility tests suggested RocC could be highly concentrated for 

crystallization under these conditions. 

 

4.3.2. The strategy for apo-RocC crystallization and optimization  

We attempted to crystallize 4 different apo-constructs, RocC1-126, 14-126, 24-126, 1-137, each of 

which contain the FinO domain, and obtained crystals of truncation mutants, RocC24-126 and 

RocC1-126, suitable for structure determination. Diverse crystallization conditions were screened 

using commercial screening kits and the vapour diffusion method. Crystallization trials at different 

temperatures (4°C, 16°C, 25°C), protein concentrations (5 mg/mL to 66 mg/mL), ratio between 

protein and reservoir solution were all tested. The condition with 0.3 L of 30 mg/mL of RocC24-

126 in 25 mM HEPES pH 7.3, 30 mM NaCl, 1 mM DTT mixed with 0.3 L mother liquor gave the 

first diffracting crystals. The initial crystal was a thin plate, which grew radially from a single 

nucleation site (Figure 4-3A). The initial crystals grew up in a condition of 0.2M ammonium 

acetate, 0.1 M HEPES/NaOH pH 7.5, 25% PEG 3350 (TOP96 (Anatrace), F2) in sitting drops at 

16°C. The optimized crystals grew in two days (Figure 4-4B) and grew bigger in three more days 

(Figure 4-4C). Crystals were reproducible, and bigger crystals for data collection were obtained 

by increasing the drop size (3-4 L); however, they were prone to producing thin plates from a 

single nucleation site (Figure 4-4A-C). We tried to alter the grow pattern by lowering the 

temperature, setting plates with less concentrated proteins, or adding glycerol. In addition, we tried 

microseeding and streak seeding to obtain single crystals. Despite these efforts, crystals were prone 

to grow as clusters from a single nucleation site. We physically broke the crystal near the 
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nucleation site while looping the crystal, yielding a single crystal that could be used in data 

collection. The data from this crystal was sufficient to determine the structure of the complex by 

molecular replacement at 2.1 Å resolution (see section 4.3.6. for details on structure 

determination). 

Figure 4-3. DLS results for RocC24-126 at different salt concentrations.  

(A) DLS result of  ~3.6 mg/mL RocC24-126 in 25 mM Tris pH 8.0, 150 mM NaCl, 1 mM DTT 

(B) Same as condition (A), but with 75 mM NaCl. (C) Same as  (A), but with 37.5 mM NaCl. 

(D) Repeat of (A) next day. 
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Figure 4-4. Various apo-RocC crystals.  

(A) RocC24-126 initial hits from TOP96 F2. (B) Crystals from the figure (A) were optimized in a 

bigger drop. Crystals grew for two days. (C) The same crystal from the figure (B) grew for five 

days. (D) RocC1-126. (H) RocC1-126 crystals with additive, 40% v/v Polypropane Glycol P400. (I) 

RocC1-126 crystals with additive, 0.1 M SrCl2. 

 

We tried to obtain RocC1-126 because the binding assay from EMSA and FP indicates 

defectiveness of RocC24-126 in binding with RocRSL3 (Chapter 3). We examined the size of the 

solvent channels in the RocC24-126 structure to determine whether the RocC24-126 lattice could 

accommodate the additional RocC1-23. Unfortunately, the RocC24-126 lattice was tightly packed, so 



 91 

that there was not enough space for additional 23 residues to fit in. This structural analysis 

suggested that the crystallization condition of RocC1-126 should be screened from scratch. Sparse 

matrix screens using RocC1-126 produced triangle-shaped crystals (Figure 4-4D, F) two days after 

setting the plate at 16°C in many different conditions (Table 4-1). Interestingly, one of the 

conditions (TOP 96 (Anatrace), E12 in Table 4-1) yielded triangular RocC1-126 crystals in the same 

condition that we obtained RocC24-126, except the salt was ammonium sulfate instead of ammonium 

acetate. The pictures shown in Figure 4-4 D and F were shot two days after setting the screens, 

and figures 4-4E and G (same drops with D and F, respectively) were shot the following day. These 

pictures show that the crystals quickly formed but also decayed by the third day. Despite crystal 

showers across the screening, crystals stopped growing in two days and quickly deteriorated. 

Diffraction data for these crystals were collected on our home source X-ray (Rigaku) to confirm 

whether the crystals were from protein or salt. Long exposure images indicated weak diffraction 

from the triangular crystals (Data not shown), suggesting the triangular crystals are protein. We 

tried microseeding and streak seeding, as well as growth temperature and protein concentration 

optimization, to improve these crystals. A comparison of the crystallization conditions of the initial 

hits suggested that they share similar conditions such as 0.2 M (NH₄)₂SO₄ and 0.1 M HEPES pH 

7.5. Around 20-25% PEG 3350 was a common precipitant (grey coloured in Table 4-1A). The 

crystallization condition analysis helped determine the reservoir condition, and it turned out to be 

the same as one of the screening conditions, MCSG1 (Anatrace, F11), which consists of 0.2 M 

Ammonium sulfate, 0.1 M HEPES pH 7.5, 25% PEG 3350. We tried additive screens (Hampton 

HR2-428) using 0.2M Ammonium sulfate, 0.1M HEPES pH 7.5, 25% PEG 3350 as a reservoir 

solution to find additives to give the crystals stability. The crystal plates with additive screens were 

set in low temperatures (16°C to 4°C) to increase the protein stability in the course of being 

crystallized. This optimization strategy gave us sharp-edged crystals with multiple additives in the 

crystal plates sitting at 4°C. Even though RocC1-126 crystals grew up in various additives, they had 

the same shape, indicating they were in the same space group. In conclusion, we obtained high-

quality RocC1-126 crystals for data collection from the various additives, from multivalent ions to 

organic/volatile solvent (Figure 4-4H, I and table 4-1B). 
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Table 4-1. Crystallization conditions of RocC1-126. (A) Initial conditions where triangular-

shape crystals grew (B) Additive screens where the improved quality of RocC1-126 grew.  

 

4.3.3. The development of the RNA purification protocol and optimization  

 In vitro transcription is a well-established method to produce RNA using T7 RNA 

polymerase and DNA template. Denaturing gel electrophoresis followed by phenol/chloroform 

extraction and ethanol precipitation is a conventional way to purify a large amount of target RNA 

from in vitro transcription reactions. However, this method is time-consuming and purity can be 
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an issue for certain RNAs. We overcame these issues by optimizing the RNA purification method 

using anion exchange and gel filtration chromatography (Easton et al., 2010).  

The first goal was to test the separation capacity of anion exchange chromatography 

(Resource Q, GE healthcare) and obtain a homogenous population of target RNA. The mixture of 

3 mL in vitro transcription was loaded into Resource Q (Figure 4-5A). A large peak from the RNA 

was eluted beginning at about 45% buffer B (i.e. ~0.45 M NaCl). We ran samples from the eluted 

peak on native gels and stained with an intercalating agent, SYBR safe (ThermoFisher, Figure 4-

5B) to characterize recovery and purity. Despite the fractions all coming from one peak, lanes 3 to 

6 did not show any bands, but lanes 7 to 10 showed stained RNA bands. The black arrow possibly 

corresponds to a monomer of the intact RNA and the hollow arrow could be a dimer of the same 

RNA (Figure 4-5A). To test this idea, samples in lanes 7-9 were mixed and annealed at 95°C for 

2 minutes, and the annealed mixture was snapped cooled in the ice. Annealed RNA was run in 

lane 1, showing that most of the bands from the hollow arrow converged into the black arrow, 

consistent with the idea that the species indicated by the hollow arrow are actually a dimer species 

(lane 1 in Figure 4-5B). To increase the separation capacity of the resource Q and spread this 

heterogenous peak, we adjusted to a shallower salt gradient in the range between 35%-60% where 

the RNA elutes (Figure 4-5C). This adjustment increased the separation capacity of the resource 

Q so that the monomer RNA could be separated from both aborted or self-dimerization species 

(Figure 4-5C, D). Purified RNAs from anion exchange chromatography were loaded onto gel 

filtration to exchange high salt buffer for the desired buffer for crystallization and confirm the 

monomeric state (Figure 4-6C, D). 

We focused on increasing the yield for crystallization after establishing the protocol to 

purify high-quality RNAs. Highly soluble biomacromolecules often require higher concentration 

than molecules with lower solubility to grow crystals and this can be especially true for nucleic 

acids. We tried to obtain a high yield of the RNA from in vitro transcription by optimizing the 

incubation time and component concentration. We found that a 3 hours transcription was sufficient 

to maximize yield (Table 4-2). Different concentrations of DNA template, MgCl2, and T7 RNA 

polymerase, were tested with 3 hours incubations to find conditions with increased yield. These 

studies helped us uncover conditions that significantly improved yield however, we also found that  
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Figure 4-5. RNA purification using anion exchange chromatography from in vitro 

transcription.  

(A) Chromatogram of anion exchange chromatography of RocR9bp-tet. The solid line indicates 

the absorbance at 280 nm, and dotted line indicates the conductivity. (B) 10% Tris-glycine 

native gel of (A). The black bar in (A) corresponding to the grey bar on (B). The black arrow 

indicates monomer. The hollow arrow indicates oligomeric RNA. (C) Chromatogram of anion 

exchange chromatography of RocR9bp-tet with a gradual salt gradient. (D) 10% Tris-glycine 

native gel of (C). (E) Chromatogram of anion exchange chromatography of RocRSL3 with a 

gradual salt gradient. (F) 10% Tris-glycine native gel of (E). 
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Figure 4-6. The optimization and crystallization of RocC:RocR complex.  

Different ratios of protein:RNA were incubated and run on a 10% Tris-glycine gel. (A) the result 

of staining with SYBR safe (B) the result of staining with Coomassie blue. The black arrow 

indicates free RNA. A solid, hollow arrow indicates a one-to-one protein:RNA complex. Dotted, 

hollow arrow indicates oligomeric protein/RNA complex. (C) RocC:RocR complex separation 

from excess RNA. Blue is the chromatogram of RocC incubated with an excess of RNA. Red is 

RocC only. Green is RocR only. (D) Result of SEC-MALS. The complex formed a stable 1:1 

complex. (E-H) Crystals from protein:RNA complex and its diffraction.  

 

the optimal transcription conditions were highly dependent of the particular template being 

transcribed. 

Together, the ion exchange chromatography combined with gel filtration provides high 

purity of RNAs. Testing the effect of different components in the in vitro transcription with the 

established purification method allowed us to obtain increased amounts of homogenous RNAs for 

crystallization.  

    

4.3.4. The strategies to obtain the crystal structure of the protein:RNA complex 

We attempted to crystallize and determine the crystal structure of the RocC:RocR complex 

to understand the molecular mechanism of RocR recognition by RocC. Here are the strategies we 

used to obtain the crystal structure of RocC in complex with RNA.  

In chapter 3, we determined the minimal RocR RNA necessary to bind RocC with high 

affinty. These studies showed a minimum of a 5 base-pair stem and a 5 nucleotide 3’ tail is essential 

for RocC recognition. We did try to soak in small RNAs into our apo-RocC crystals. We attempted 

to soak in a single UMP with the thought that this might reveal binding of the 3’ terminal 

nucleotide. Analysis of the crystal packing environment suggested this small molecule might 

potentially be able to diffuse into the crystals. Pre-grown RocC24-126 crystals were soaked in up to 

500 mM UMP for a maximum of 24 hours at 16°C. We also tried co-crystallization of RocC24-126 

with UMP. 66 mg/mL of RocC24-126 was incubated with 50-400 mM of UMP prior to setting crystal 

plates (final UMP concentration in the drop was 25-200 mM). Thin plates were grown in the co-



 97 

crystallization trials at 25-100 mM UMP concentration. However, over 100 mM UMP crystals did 

not form. Unfortunately, we could not observe positive density for UMP in either the soaking or 

co-crystallization trials.  

The conventional method to obtain crystals of protein:RNA complexes is co-

crystallization. Excess RNA is incubated with protein prior to setting crystal plates. We 

Table 4-2. In vitro transcription conditions and yield test. (A) The initial in vitro 

transcription. (B) The results of in vitro transcription yield test.   
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investigated the ratio to form the most homogenous protein:RNA complex by native gel 

electrophoresis. The different protein:RNA complex ratios were incubated for 30 minutes on ice, 

and samples were loaded onto the nondenaturing gel. The native gel was stained with SYBR safe 

to visualize RNA, followed by Coomassie blue staining to visualize protein. SYBR safe stained 

gel showed a potential one-to-one complex in lanes 2 to 7 (Figure 4-6A). Free RNAs were 

observed from lanes 2 to 6, indicating that a non-bound RNA population exists at a 1.1:1 ratio. 

Free RNAs started to disappear in lanes 7, 8, and 9, suggesting all RNAs form protein:RNA 

complex from a 1.2:1 protein:RNA ratio. Hollow dotted arrows on SYBR safe stained gel indicate 

potential oligomeric states of the protein:RNA complex. The oligomeric complex appeared more 

evident after the native gel was stained with Coomassie blue (Figure 4-6B). Lane 2-7 showed 

populations of at least two complexes. Lane 8 and 9 showed only the band for the oligomeric 

states. Thus the test of different incubation ratios showed the formation of heterogeneous 

complexes. Observing the heterogeneity in the incubated mixture suggested the necessity for 

separating the one-to-one complex from others. 

  We tested whether the 1:1 complex in the incubated mixture can be purified through size 

exclusion chromatography to obtain a homogenous population (Figure 4-6C). The RocC:RocR 

mixture chromatogram showed multiple peaks, suggesting multiple species that could be separated 

based on size. Comparison to free RocC and RocR controls suggested that the major peak obtained 

in the complex sample indeed corresponded to a RocC:RocR complex.  SEC-MALS of this 

purified peak revealed that this species indeed corresponds to the 1:1 RocC:RocR complex (Figure 

4-6D). Furthermore, the different sets of complexes involving either RocC1-126 and RocC14-126, and 

either RocRSL3 or RocR9bp-tet, were created and also shown to form 1:1 complexes by SEC-MALS 

(Figure 3-7C, D, E).  

 

4.3.5. Crystallization of RocC in complex with RNA 

 Extensive sparse matrix screens were conducted with protein/RNA complexes, purified 

with the established purification protocol. The screens were carried out at different complex 

concentrations and crystallization temperatures, and we eventually succeeded in growing 

diffraction quality crystals (Figure 4-5E, F, G, H).  
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RocC1-126:RocRSL3 crystals were grown in 0.09 M NPS, 0.1 M buffer System 2 7.5 30 % 

v/v precipitant Mix 2 (Morpheus, Molecular dimension, C6) at 16°C (Figure 4-5E). Buffer system 

2 is a mixture of 1.0 M sodium HEPES and 1.0 M MOPS adjusted to pH 7.5 and precipitant mix 

is a mixture of 40% v/v ethylene glycol and 20% w/v PEG8000. Detailed calculation of buffer 

system 2 and precipitant mix 2 can be found in this reference (Gorrec, 2009). This condition 

produced a rectangular parallelepiped shape crystal. It was a single crystal that diffracted to 4.5 Å. 

Unfortunately, ice formation during crystal screening prevented further data collection, and we 

could not reproduce these crystals for further study.  

RocC14-126:RocR9bp-tet complex was crystallized in three different conditions at 25°C. 

Triangular thin crystals (Figure 4-5G) grew in 0.2 M CaCl2 0.1 M HEPES/NaOH, pH 7.5 28 % 

(v/v) PPG P400 (MCSG1, Anatrace, A10). The clustered microcrystals were optimized, to grow 

single and bigger crystals. The optimized, single crystals were very fragile and were difficult to 

loop for freezing. The irregular diffraction of the crystal implied that it is loosely packed and 

required further optimization. We optimized the crystal by changing crystallization temperature 

and complex concentration to obtain a single, high-quality crystals. In addition, additive screens 

were performed from the experience that produced more stable RocC1-126 crystals (Figure 4-4D-

I). In the end, we succeeded to obtain single crystals, however, diffraction quality was not visibly 

improved (Figure 4-5G).   

Another crystal form was obtained from RocC14-126:RocR9bp-tet, which grew as stacked thin 

plates from solutions of 0.2 M CaCl2 0.1 M Bis-Tris/HCl, pH 6.5 45 % (v/v) MPD (MCSG2, 

Anatrace, H1). Grid screening improved the size of the crystals, but they still grew as layered thin 

plates. The efforts to make separated and thicker crystals by controlling temperature, protein 

concentration and additive screening were not successful and instead we decided to work with the 

clustered thin plates. A single crystal was separated physically, and initial images with the incident 

X-ray beam orthogonal to the plate revealed diffraction to 2.5 Å resolution (Figure 4-6F). 

However, rotation of the crystal in the beam revealed disorder and only weak diffraction in other 

orientations which was not suitable for data collection.  

We also obtained diffracting crystals from RocC14-126:RocR9bp-tet in 0.2 M Li2SO4 0.1 M 

Tris/HCl, pH 8.5 30 % (w/v) PEG 4000 (Top96, Anatrace, A10). We obtained these crystals from 

a sparse matrix screen however we failed to reproduce them. Fortunately, we could collect a data 
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set using a microbeam (20 m x 20 m) at ALS beamline (BEAMLINE 8.2.2 with ADSC 

QUANTUM 315r detector). Data collection revealed the complex crystallizes in the P2 space 

group and diffracts to 3.2 Å resolution. The crystal contained weak diffraction from a secondary 

lattice. We could separate the primary crystal diffraction from second crystal by increasing the 

intensity threshold for reflections used during the integration process in Denzo (Chapter 2). This 

data set was used to eventually determine the structure of the RocC:RocR complex. 

 

4.3.6. Apo-crystal structure determination and structural analysis 

 We determined two apo-protein crystal structures, RocC24-126 and RocC1-126, using MR at 

2.1 Å and 2.0 Å, respectively (Chapter 2). RocC24-126 constitutes a proteolytically stable core, and 

the crystal structure reveals a compact and largely α-helical structure (Figure 4-7B). RocC1-126 has 

the same core structure however the 1-23 segment adopts a flexible extended structure which is 

partially visualized in 2 of the 9 protomers in the asymmetric unit, suggesting that residues RocC1-

7 adopts α-helical conformation (Figure 4-7A). The core region24-126 is relatively rigid, with an 

RMSD of 0.29 Å between RocC1-126 and RocC1-126. The only region of significant flexibility is in 

a single loop linking α2 and α4 (Figure 4-7B). The overall structure is very similar to FinO, with 

the shape of a right-handed fist with an extended index finger (Figure 4-7B). Superimposing the 

crystal structures of RocC and FinO results in a Cα-RMSD of 0.78 Å, indicating high similarity in 

structure (Figure 4-7C).  

Unlike the well-conserved core FinO domain, density for the region N-terminal to residue 

14 was weak, and this region could not be modelled in all the protomers.  Density for α1 (RocC1-

7) was only observed in 2 protomers of the 9 protomers in RocC1-126 asymmetric unit and density 

for the linker between α1 and α2 was not observed in any of the protomers. Overlay of FinO, RocC 

and 6 copies of NMB1681 crystal structures reveals that while the core FinO domains are 

structurally well conserved, regions N- and C-terminal to this domain are generally not well packed 

against the rest of the structure and are likely flexible (Figure 3-1B). This was also observed in the 

comparison of the 10 final NMR structures of Lpp1663 in L. pneumophila, which aligned well 

within the FinO domain (19-121, RMSD = 1.77 Å). However, the N- and C-terminal regions could 

not be accurately modeled due to a lack of NMR restraints.  
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Figure 4-7. Apo-RocC structure.  

Two apo-protein crystal structures, RocC24-126 and RocC1-126, were determined at 2.1 Å and 2.0 Å, 

respectively (see Chapter 2, Table 4-3). The RocC1-126 crystal contains 9 protomers in the 

asymmetric unit, while the RocC24-126 crystal contains a single protomer in the asymmetric unit. 

RocC24-126 constitutes a proteolytically stable core, and the crystal structure reveals a compact and 

well-folded structure. RocC1-126 (A) has the same core structure, however, the 1-23 segment adopts 

a flexible extended structure which is partially visualized in 2 of the 9 protomers in the asymmetric 



 102 

unit, suggesting that residues 1-7 have the potential to adopt a helical conformation. The core 

region RocC24-126 is quite rigid, with an rmsd of 0.29 Å between RocC1-126 and RocC24-126 

structures. The only region of significant flexibility is in a single loop linking α2 and α4. (B) 

Cartoon view of apo-RocC 1-126 with secondary structure elements and key residue positions 

labeled. (B) C traces of the aligned 9 RocC1-126 protomers and single RocC24-126 protomers, as 

well as the 10 copies of RocC24-126 in the RocC:RocR crystallographic asymmetric unit. The view 

is rotated 180° relative to (a), and the black arrow indicates the conformationally flexible loop. (C) 

Superimposition of RocC1-126 and FinO structure (PDB ID: 1DVO) with an rmsd of 0.78 Å. 

 

4.3.7. Structural analysis of the RocC:RocR complex  

We were able to determine the structure of RocC14-126 bound to RocR9bp-tet using the P21212 

crystals described above and the final structure was refined to 3.2 Å (Figure 4-8A). The 

asymmetric unit contains six copies of apo-RocC14-126 and four copies of the protein-RNA 

complex. Overall, the hairpin-tail RNA binds to one side of the ProQ/FinO domain, mainly through 

interactions between the protein and the RNA backbone. 

NCS averaged maps revealed electron density of sufficient quality to model the entire 

hairpin-tail RNA (Figure 4-9). As predicted (Figure 4-8D), the 9 base-pairs stem is fully base-

paired, however, the 5' single nucleotide, U1, forms an additional mismatch base-pair with 3' U24 

and this base pairing is confirmed by analysis of 1H NMR spectra of the free and RocC-bound 

RocR9bp-tet (Figure 4-10). The hairpin adopts the expected A-form helical geometry and the 5’-

U11U12C13G14-3' tetraloop (Bottaro & Lindorff-Larsen, 2017), adopts the expected structure. The 

4-nucleotide single-stranded 3' tail (5’-U25U26C27U28-3') adopts a hook-like structure. U25 

maintains an A-form geometry, however U26 and C27 bend away, unstacking from U25 and instead 

stacking upon each other. 

The 3' terminal nucleotide, U28 bends back such that its 3’-OH hydrogen bonds with the 

penultimate phosphate linking U26 and C27 (Figure 4-8A, B, Figure 4-11A). The terminal U28 is 

bound within a well-conserved and structurally rigid pocket that is formed between α5 and a β-

turn at the N-terminus of α4. The pocket contains Tyr87 and Arg97, which are both among the 

most highly conserved residues in the ProQ/FinO domain family and together recognize the 

phosphate of U28 (Figure 4-8B, C). The β-turn-α-helix motif packs against the minor groove face 

of U28, hydrogen bonding with the U28 2' and 3' hydroxyl groups. Gly52, which stabilizes the turn, 
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Table 4-3. Data collection and statistics of RocC structure determination. 
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Figure 4-8. Structural analysis of the FinO domain of RocC bound to an RocRSL3variant.  

(A) Crystal structure of RocC14-126:RocR9bp-tet complex. Dotted boxes indicate the main 

interactions between protein-RNA. (B) and (C) are zoomed-in views from figure 4-8A. Dotted 

lines indicate hydrogen bonding between protein and RNA. (D) Schematic diagram of the RocR9bp-

tet variant, which is crystallized with RocC. The red circles indicate the nucleotides in direct contact 

with the protein. (E) Schematic diagram of RocC:RocR interactions. The purple line indicates the 

region of double stranded RNA structure; green lines indicate protein motifs in contact with RNA. 

Dotted lines show molecular interactions between protein and RNA. 
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Figure 4-9. Difference electron density used to build the RocC14-126:RocR9bp-tet complex.  

The RocC/RocR crystal structure was initially solved by molecular replacement using the high 

resolution structure of RocC14-126. Displayed is 4-fold averaged Fo-Fc density at 3.2 Å phased with 

the 10 RocC protomers in the asymmetric unit at 4  cutoff (green mesh, panel A) or 10  cutoff 

(blue surface, panel B) with the protein model displayed as a grey surface. The higher  cutoff was 

used to help resolve the higher density phosphate groups from the bases and sugars in the RNA. 

The 4 nucleotides in the 3’ tail are labeled in (B). 

 

Figure 4-10. 1H NMR spectra of the imino region of RocR9bp-tet and the RocRSL3:RocC14-126 

complex.  

The imino spectra indicate that the base-pairing pattern is the same for the free RNA and the 

complex. The unidentified signal at 11.3 ppm could not be connected to any imino residue but is 

believed to be a result of a specific non-Watson-Crick interaction either between protein and RNA 

or within the RNA, present only in the RNA:protein complex. This work was done by the 

collaboration with Kreutz and Tollinger laboratory, University of Innsbruck. 
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Figure 4-11. RNA recognition motifs in RocC are found in other RNA binding proteins.  

(A) The N-cap motif of RocC recognizes phosphate groups along a single strand of the RocR 

hairpin stem. (B) A similar N-cap motif in ROQ recognizes the RNA phosphate backbone in a 

similar manner. Hydrogen bonds between the N-cap and the RNA phosphates are indicated with 

dashed bonds. Key residues involved in the interactions are shown as sticks. (C) The -turn--

helix motif in RocC recognizes the 3’ terminal nucleotide of RocR. (D) A similar -turn--helix 

motif is found in the 40S ribosome between ribosomal protein eS30 and the 18S rRNA. In both 

cases, the O2’ and O3’ atoms of the C3’-endo ribose are hydrogen bonded to the motif in similar 

ways. 
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Figure 4-12. Graphical representation of sequence conservation in 674 FinO domain-

containing proteins using WebLogo3 .  

Red letters indicate the residues in contact with RocR9bp-tet. (A) Sequence logo near the -turn--

helix motif. (B) Sequence logo near the N-cap motif. (C) Sequence logo for the C-terminal region 

of the RocC ProQ/FinO domain. 

 

is nearly completely conserved in the ProQ/FinO domain family. This interaction effectively buries 

the 3' end of the strand in the protein and provides a mechanism for the selective recognition of a 

3' terminal ribose sugar. We searched the protein-RNA structure database to find other examples 

of ribose recognition by similar β-turn-α-helix motifs (Chapter 2). The most similar example we 

found was from the 40S subunit of the eukaryotic ribosome where a β-turn-α-helix motif contacts 
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a nucleotide within the 18S rRNA in the same orientation with the same hydrogen bonding 

arrangement (Figure 4-11A, B).  

The hairpin portion of the RNA is bound by the N-terminal portion of α5, as well as 

supplementary interactions from α2 (Figure 4-8A, B). The N-terminus of α5 is capped by the 

highly conserved Ser70. The N-terminus of this helix hydrogen bonds to all 4 non-esterified 

oxygens in two successive phosphate groups – C21 and C22. C21 phosphate is hydrogen bonded by 

Ser70 and Ser72, while the C22 phosphate is hydrogen bonded by the main chain NHs of Lys71 

and Ser72. Both non-esterified oxygens of the C23 phosphate at the base of the stem are recognized 

by the side chains of Lys71 and Arg75. The G20 phosphate is recognized by Lys73, as well as by 

Ser21 from α2 and residues in more N-terminal regions of α2 may make further long-range 

electrostatic contacts with the backbone of the RNA 5' to this residue. Ser70, Lys71, Ser72 and 

Arg75 are all well-conserved in the ProQ/FinO domain, while Lys73 and Ser21 are less well-

conserved. The precise recognition of all non-esterified oxygens in three consecutive phosphates 

along the same RNA strand presents an interesting possible mechanism for the recognition of an 

RNA duplex without direct interactions with both strands. We searched the protein:RNA and 

protein:DNA structure databases to uncover other examples of N-capped α-helices that recognize 

consecutive phosphates along a nucleic acid chain. We found that a very similar mechanism of 

RNA recognition is used by the ROQ domain of the mammalian Roquin protein (Schlundt et al., 

2014; Tan et al., 2014), which binds 3 consecutive phosphates along a single strand of a hairpin 

RNA using a similar N-cap motif (Figure 4-11C, D). While many DNA binding proteins recognize 

DNA phosphates via hydrogen bonding interactions with α-helical N-terminal amide groups, we 

were unable to find any in which consecutive phosphates are recognized in a manner similar to 

either the ProQ/FinO or ROQ domains. 

 

4.3.8. RocC:RocR crystal structure explains the conformation in solution 

 SAXS (small angle X-ray scattering) is a solution scattering technique that in theory can 

give structural information for macromolecular complexes (Putnam et al., 2007). We used SEC-

SAXS, in which samples are first separated by size exclusion chromatography (SEC) before SAXS 

analysis. We used the SEC-SAXS beamline at ALS in which the SEC is installed in-line on the 

beamline. We prepared samples of RocC1-126:RocRSL3 and RocC14-126:SL39bp-tet for analysis. Both  
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Figure 4-13. SAXS scattering profile and Guinier plot.  

(A) SAXS scattering profile and (B) Guinier plot of RocC1-126:RocRSL3. (C) SAXS scattering 

profile and (D) Guinier plot of RocC14-126:RocR9bp-tet. Quality of Guinier plot is important for Rg 

(radius of gyration) calculation. 

 

samples separated well on SEC and each gave scattering profiles that indicated little to no 

aggregation in the sample by Guinier analysis (Figure 4-13). To assess whether the scattering 

pattern was consistent with the RocC:RocR crystal structure, we calculated theoretical scattering 

curves (using MultiFoXS (Schneidman-Duhovny et al., 2016)) for the crystal structure and then 

calculated the goodness of fit of the theoretical and experimental curves. This was relatively 

straight-forward for the RocC14-126:SL39bp-tet complex. In this case, the theoretical curve calculated 

from the crystal structure fit the experimental data with a reasonable χ² = 2.65, indicating that the 

crystal structure does approximate the solution structure. The RocC1-126:RocRSL3 complex, on the 

other hand, was more complicated. Singular value decomposition (SVD) can analyze the scattering  
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Figure 4-14. SEC-SAXS analysis of the FinO domain of RocC in complex with an intrinsic 

terminator. 

(A) The size exclusion chromatogram of the RocC1-126:RocRSL3 complex that was used in the SEC-

SAXS analysis. The ranges of the extended (blue) and compact (yellow) species  that were derived 

from the deconvolution process are indicated. (B) The deconvoluted scattering curves of the two 

species within the RocC1-126:RocRSL3 complex are shown. (C) Fitting of the experimental (black) 

and calculated (red) scattering for the RocC14-126:RocR9bp-tet complex (D) Fitting of the 

experimental (black) and calculated (blue – extended; red - compact) scattering for the RocC1-

126:RocRSL3 complex. (E) 3D model of the extended (blue) and compact (red) RocC1-126:RocRSL3 

structures. 
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from different populations and evolving factor analysis (EFA) can deconvolute individual 

scatterings from an overlapped SEC-SAXS peak (Hopkins et al., 2017) (Figure 4-14A, B). We 

modeled these complexes using MultiFoXS, where we built the extended RNA stem and loop and 

also added a flexible region corresponding to RocC region 1-14. In MultiFoXS, the N-terminal 

region was allowed to move to maximize the fit of the model to the experimental data. In this way, 

we generated two models: one for the compact form (χ² = 1.14, red curve, Figure 4-14D) and one 

for the more extended structure (χ² = 1.96, blue curve, Figure 4-14D). The difference between the 

two models is that in the compact form, 1 is packed against the RNA hairpin, whereas in the 

more extended form, this helix extends away from the hairpin. In conclusion, the strong agreement 

of the experimental scattering curves with data calculated from the crystal structure suggested our 

crystal structure represent the conformation in solution.  

 

4.4. Discussion 

4.4.1. Optimization of crystallization conditions for RocC14-126 in complex with RocR9bp-tet    

 Crystallization is a trial and error process. Systematic approaches increase the chances of 

crystallization, as described in the introduction of this chapter, and these guided us in the 

crystallization of the apo-RocC and the RocC:RocR complexes. 

 Key factors for RocC24-126 crystallization were low salt and high protein concentration. As 

discussed in the Introduction, salt is essential for the protein to be soluble in the buffer solution. 

However, high salt concentration increases the protein solubility and if it is too high, it causes 

“salting out” protein from the buffer, so it is essential to find optimal salt concentration between 

solubility and crystallization (McPherson & Gavira, 2014). DLS showed that RocC is 

monodisperse in salt concentrations from 30 – 150 mM, and indeed we were able to concentrate 

the protein to a high level under these conditions. The crystallization of NMB1681 at 91 mg/mL 

gave us a hint to test solubility, and we found RocC also does not precipitate up to 110 mg/mL. 

The insights gained from our preliminary data set the stage for its crystallization.     

Two main factors that contributed to improving the quality of RocC1-126 crystals were 

temperature and additives. Initial crystals grew at 16°C in 2 days; however, crystals did not form 

over 3 months at 4°C. 4°C potentially gives long-term stability of RocC1-126 and slows down the 
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evaporation rate in the droplet. The role of additive screens was unclear compared to temperature 

because none of additives were visualized in the crystal structure. The nine copies of RocC1-126 

were stabilized by crystal contacts with ammonium ions, which were in the reservoir solution. 

Furthermore, the same crystal habit was grown with different additives, such as multivalent ions, 

polymer, carbohydrate, and organic solvents (Table 4-1B). Nevertheless, additives did ultimately 

produce crystals that diffracted at high resolution.  

 We determined the structure of RocC14-126:RocR9bp-tet at a relatively modest resolution of 

3.2 Å. Our trials produced four different crystals from two complexes: three from RocC14-

126:RocR9bp-tet and one from RocC1-126:RocRSL3. The main issue was that our two reproducible 

crystals had poor diffraction, and we failed to reproduce two crystals with better diffraction than 

in the initial screening. We managed to determine the structure from non-reproducible crystals. 

Intriguingly, the RocC14-126:RocR9bp-tet complex we crystallized had only 4 copies bound to RNA 

and another 6 copies were apo-RocC. Even though the SEC-MALS study showed the formation 

of stable one-to-one complex, 60% of protomers in the lattice were not bound to RNA. 40% RNA 

occupancy suggested the possibility there may be a heterogeneous population in the crystallization 

drop. The crystal structure showed that only 11 residues on the 3' side of RocRSL3 had contact with 

RocC. The 5' side of RocRSL3 is near the saddle region of RocC (helix 5), which is highly positively 

charged. If our RocRSL3 constructs had a longer 5' extension or included part of RocRSL2, this 

extended 5' region might possibly interact with residues Arg83 and Arg84 from helix 5. The 

additional interaction of the extended 5' side with protein could give stronger binding, higher 

homogeneity and it could enhance the crystallization. However, our efforts to measure the binding 

of intact RocR to RocC indicate that addition of the 5’ regions do not measureably enhance binding 

affinity (Attaiech et al., 2016). The 5’ region is moreover critical for interactions with target 

mRNAs such as comEA, so further studies with more extended RNAs might yield insights into 

how RocC facilitates RNA:RNA association.  

 

4.4.2. RocC:RocR provides a model for the recognition of intrinsic transcriptional 

terminators by proteins with a ProQ/FinO domain 

The structure of the RocC:RocRSL3 complex presented here reveals a mechanism where 

RocC specifically binds its natural partner RocR by interacting with its terminator, i.e. the hairpin 
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of SL3 and its 3' single-stranded polypyrimidine tail. This structure also provides a model to 

understand RNA recognition by other ProQ/FinO domain proteins. The pocket that binds the 3' 

nucleotide of the terminator is particularly well conserved in the ProQ/FinO family, not only at the 

sequence level, but it is also conformationally conserved in also FinO and NMB1681. The position 

of the N-cap motif is absolutely conserved in the ProQ/FinO family, and Arg75 is almost 

completely conserved (80% identity) with the major substitution being lysine (Figure 4-12B). 

Furthermore, the good agreement of the crystal structure of RocC14-126:RocR9bp-tet complex with 

solution SEC-SAXS data (Figure 4-13), indicates that the static FinO:intrinsic terminator structure 

is relevant in solution.  

The structure explains previous biochemical and mutagenesis data on FinO as well as 

ProQ. Site-specific protein-RNA crosslinking identified residues in and around the conserved 3' 

nucleotide binding pocket (Lys125, Lys165), as well as the N-cap (Arg121) as key contact points 

for FinO (Ghetu et al., 2002). Likewise, bacterial 3-hybrid experiments identified the same 

surfaces on ProQ as important to recognize transcriptional terminator structures (Pandey et al., 

2020). Ribonuclease footprinting revealed dramatic protection of the FinP 3' tail by FinO, as well 

as protection of the first 3-4 nucleotides within the stem, precisely the same region that is bound 

by RocC in the RocC:RocR structure (Arthur et al., 2011). Interestingly, it was previously shown 

that the recognition of FinP by FinO is strongly dependent on the chemical structure of the 3' 

nucleotide (Figure 4-15) (Arthur et al., 2011). The recognition of the 3' hydroxyl group by RocC 

should be tested.  

The ProQ/FinO family members that have been studied in detail (FinO, RocC, ProQ and 

NMB1681) all bind transcriptional terminator structures but with varying degrees of specificity. 

While FinO and RocC bind to just one or two physiological partners, ProQ and NMB1681 bind to 

dozens of different sRNAs. Our structure of the RocC:RocRSL3 complex suggests a mechanism for 

the specific recognition of the hairpin as well as for the 3' polypyrimidine tail. The duplex portion 

of the hairpin is recognized on one strand by the N-cap motif. Specificity for the duplex is likely 

conferred through recognition of the A-form geometry of the contiguous phosphate groups, rather 

than through a direct recognition of the 5' strand of the hairpin. The 3' polypyrimidine strand adopts 

a hook-like structure, stabilized by hydrogen bonding between the penultimate phosphate and the 

terminal 3’-hydroxyl (Figure 4-8A, C). In this conformation, the strand tracks into the 3'  
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Figure 4-15. 3’ hydroxyl group recognition by FinO protein.  

(A) Gel shift assay of 3’ phosphorylated SLII in titration with gradient of FinO, FinO33-186 W36A, 

and FinO45-186. (B) Gel shift assay of 2’, 3’ cis-diol SLII. (C) Gel shift assay of 2’, 3’ dialdehyde 

SLII. (D) Chemical structure of 3’ phosphate, (E) 2’, 3’ cis-diol, (F) 2’, 3’ dialdehyde. Figure (A-

C) was taken from previous publication (Arthur et al., 2011). 

 

nucleotide binding pocket. While it is difficult to definitively model side chain – base hydrogen 

bonding interactions at this resolution, the structure does suggest some possibilities that may 

indicate specificity for pyrimidines within the tail. Highly conserved Arg75 participates in RNA 

backbone recognition, but may also hydrogen bond with the 5’-most uridines of the 

polypyrimidine tail. The next 2 nucleotides are packed against 7 in a manner that may sterically 

favour pyrimidines over purines, and residues such as Lys119 and Asn115 may provide sequence 

specificity through hydrogen bonding interactions with these bases. Consistent with this idea, 

mutations at these residues reduce binding affinity and transformation efficiency. The uridine base 

of the terminal 3' nucleotide packs against Thr82 and mutation of this residue does significantly 

reduce transformation efficiency. 
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The structural determination of RocC:RocR complex gave an insight into molecular 

mechanism how the FinO domain recognizes its binding partner. The observed interactions in the 

structural analysis are confirmed by site-directed mutagenesis in vitro and in vivo described in the 

next chapter. In addition, the structure raised new questions:  

1. Is a 10 nucleotide single-stranded RNA sufficient to interact with FinO domain since 

only these residues are directly contacted by the protein?  

2. Does the 3' hydroxyl group play a key role in RocC:RocR interaction?  

3. Do these proteins have a preference for the length of the single-stranded 3’ tail?  

These issues are addressed in the next chapter.  
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Chapter 5.  

Mechanistic insights into how ProQ/FinO domains bind RNA transcriptional terminators 
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5.1. Overview 

 ProQ/FinO domains selectively bind RNA transcriptional terminators composed of a 

hairpin linked to a 3’ single stranded tail. Our crystal structure of the RocC ProQ/FinO domain 

bound to the RocR terminator structure showed that the 3’ nucleotide of the terminator is bound 

by a conserved pocket in the domain, and the hairpin portion is bound by a N-capped helical motif. 

Here we show that point mutations within these two binding regions impact binding affinity and 

reduce the ability of RocC to repress the uptake of extracellular DNA in Legionella. Our structure 

showed that RocC only contacts a single strand of the hairpin, raising the question as to why these 

proteins specifically bind hairpin RNAs and not ssRNAs. We suggest that the binding preference 

for hairpin containing binding partners is due to recognition of the A-form conformation of one 

strand of the hairpin by the N-cap motif and our thermodynamic analysis of the binding interaction 

indicates that this is driven by the entropic savings from hairpin binding over more flexible ssRNA 

partners. We furthermore show that the ProQ/FinO domains of FinO and ProQ can also bind RocR-

derived RNA targets and that ProQ, like RocC, binds preferentially to targets with a 5 nucleotide 

3’ single-stranded tail. Finally, we show that phosphorylation of the 3’ nucleotide abrogates 

interactions of RocC with the RocR terminator, underlining the critical importance of the structure 

of the 3’-nucleotide and its recognition by the -turn--helix motif. 

 

5.2. Introduction 

 The ProQ/FinO family of RNA chaperones regulate post-transcriptional gene expression 

throughout proteobacteria. Intriguingly, different ProQ/FinO proteins seem to have quite different 

levels of biological specificity. While certain family members bind dozens of RNA targets within 

cells, others are highly specific and only bind a single target. The plasmid-encoded FinO protein 

in E. coli specifically binds to FinP, the antisense RNA of the traJ mRNA 5’ UTR, to regulate 

TraJ protein expression. TraJ is the positive transcriptional activator of plasmid genes that promote 

bacterial conjugation. FinO binds FinP through a structured stem loop (Arthur et al., 2011) and 

protects FinP from RNase degradation (Jerome et al., 1999). In addition, FinO promotes the 

initiation of loop-loop kissing interactions between FinP and traJ mRNA 5’ UTR (Arthur et al., 

2003). Duplex formation of the sense-antisense RNA pair inhibits translation by blocking the 

ribosomal binding site in traJ mRNA, and the inhibition of traJ gene translation downregulates 
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conjugation. The chromosomally encoded RocC in L. pneumophila is another example of a 

specific binder, and it works in trans. Unlike the perfect complementarity between sense and 

antisense RNAs, the imperfect base-pairing of the RocR in trans system enabled targeting four 

competence related genes: comEA, comEC, comF, and comM (Attaiech et al., 2016). These four 

mRNAs have a consensus “RocR box” sequence on on a predicted exposed loop, which can initiate 

limited base-pairing with the target mRNA 5’ UTRs. RocC plays a role in protecting RocR from 

degradation and promoting RocR-target RNA hybridization.  

On the other hand, other ProQ/FinO proteins act as global RNA binding proteins, such as 

ProQ in S. enterica, E. coli, and N. meningitidis (NMB1681) (Bauriedl et al., 2020; Holmqvist et 

al., 2018; Smirnov et al., 2016). UV-CLIP combined with RNA sequencing revealed that these 

global RNA binders each target multiple structured sRNAs, and mainly mRNA 3’ UTRs (Bauriedl 

et al., 2020; Holmqvist et al., 2018). Rifampicin stability assays showed the half-life of the targeted 

RNAs decrease in the absence of the ProQ protein in S. enterica and N. meningitidis. Further 

experiments showed that ProQ interaction with mRNA 3’ UTR protects RNA from 3’-5’ 

exoribonucleolytic degradation in vivo and in vitro.   

 The conserved ProQ/FinO domain has a concave face that is often positively charged and 

has been speculated to be the main RNA binding interface (Arthur et al., 2011; Ghetu et al., 2002; 

Olejniczak & Storz, 2017). The determination of the FinO structure (Ghetu et al., 2000) allowed 

investigating residues in proximity to FinP using crosslinking analysis (Ghetu et al., 2002). The 

most efficiently crosslinked residues were Arg121, Lys125, and Arg165, which are on the concave 

surface of the FinO. Random mutagenesis approaches in E. coli ProQ mapped residues that 

impaired binding in vivo. Bacterial 3-hybrid (B3H) revealed that most of the point mutations, 

which are defective in binding, are on the concave surface of the ProQ in E. coli (Pandey et al., 

2020). Biochemical and genetic approaches expanded the understanding of the important residues 

on the concave surface for the binding in ProQ/FinO domain. However, the molecular recognition 

of the protein:RNA remained unclear due to the lack of complex structure.  

In this chapter, we generated site-directed mutagenesis on the RocC residues based on 

structural studies for in vitro binding and in vivo functional studies. The influences of mutations 

in binding were tested with 5’ FAM labeled RocRSL3 using fluorescence polarization (FP). The 

mutations of on the N-cap motif and the concave pocket surrounding 3’ tail showed the critical 
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residues for RNA interaction, as well as for the repression of natural transformation in vivo. We 

also tested whether ssRNA is sufficient to interact with ProQ/FinO family proteins using FinO, 

ProQ, and RocC. FinO showed similar binding affinity to both the RocR intrinsic terminator and 

ssRNA, however, ProQ showed ~10-fold tighter binding to the intrinsic terminator. RocC showed 

a dramatic decrease in binding to ssRNA compared to the intrinsic terminator, RocR9bp-tet. 

Furthermore, we demonstrated the critical importance of the presence of the free 3’-OH on the 

terminal residue as no binding was observed to RocR9bp-tet with a 3’ phosphate group. We also 

tested the tail length preferences of RocC, FinO and ProQ. 

 

5.3. Results 

5.3.1. Site-directed mutagenesis reveals the importance of specific RocC:RocR contacts for 

binding and DNA uptake in vivo 

 Guided by the RocC:RNA structure (Figure 4-8E and Figure 5-1A), we created a set of 

RocC mutants to test the contribution of individual amino acid – RNA contacts to the RocC:RocR 

interaction. In vitro, we assessed the binding affinity between RocR9bp-tet and each RocC14-126 

mutant via a FP assay (Figure 5-1B, E and Table 5-1A). In vivo, the interaction between RocC and 

RocR is essential to stabilize RocR and promote the post-transcriptional repression of genes 

required for the uptake of DNA from the environment (transformation). Consequently, a strain in 

which RocC is absent or non-functional is more transformable than its WT counterpart 

(“hypercompetent” phenotype) (Attaiech et al., 2016). We thus monitored the effects of different 

point mutations of RocC by testing the transformability of L. pneumophila strains expressing these 

variants compared to the WT protein (Figure 5-2A).  

Mutation of residues within and surrounding the 3’ nucleotide binding pocket yielded a 

significant impact on the RocC:RocR binding affinity and transformation efficiency. Mutation of 

the highly conserved Arg97 (R97M), which forms the base of the 3’ nucleotide binding pocket, 

resulted in an ~200-fold reduction in binding affinity as well as a dramatic reduction in 

transformation repression similar to that observed in the RocC or RocR controls (Figure 5-1B, 

5-2A). We mutated the absolutely conserved Tyr87 to phenylalanine (Y87F). In vivo, this mutation 

resulted in a complete loss of repression of transformation; in vitro this mutant was 
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insoluble, suggesting a significant folding defect related to the mutation of this buried residue. 

Mutation of residues surrounding the 3’ nucleotide binding pocket showed more subtle effects. 

Mutations of residues on 7, N115A and K119D, showed less dramatic but still significant 

reductions (~5-fold) in binding affinity, as well as significant reductions in transformation 

repression (Figure 5-1E, 5-2A). Asn115 is positioned within hydrogen bonding distance to the U26 

and/or C27 base of SL3 and is most often a His or Tyr within the ProQ/FinO family (Figure 4-12C). 

Lys119 is positioned to make a cation- interaction with the U26 base. However, within the 

ProQ/FinO family this residue is most often a Gln or Arg (Figure 4-12C). Arg83 also lines the 3’ 

nucleotide binding pocket and is positioned to contact the 5’-most nucleotide. Mutation of this 

residue (R83D) led to a modest (~3-fold) reduction in binding affinity, as well as a reduction in 

transformation repression. Arg is commonly observed at this position in ProQ/FinO domains, 

however Ser is the most conserved residue at this position (Figure 4-12B). Mutation of two other 

residues in the pocket led to no significant reduction in binding affinity. Thr82 packs against the 

base of the terminal U28 base, however, mutation of this residue to an alanine did not reduce 

binding, even though Thr is highly conserved at this position in ProQ/FinO domains (Figure 4-

12B). This mutation did lead to a significant reduction in transformation repression which indicates 

that this residue is important for RocC to function properly. Interestingly, mutation of the highly 

conserved Ile51(Figure 4-12A), which packs against the backbone of C27, to an alanine did not 

result in any reduction in binding and had a very limited impact, if any, on transformation 

repression.   

Figure 5-1. Effects of RocC point mutations on RocR binding using FP.  

(A) Structure-based sequence alignment of the ProQ/FinO domains of RocC, FinO, and ProQ. 

Red letters in RocC indicate residues in contact with RocR9bp-tet in the crystal structure. Asterisk 

(*) are highly conserved residues across the three proteins. Blue letters in the FinO sequence 

indicate residues that show strong cross-linking with SLII of FinP (Ghetu et al., 2002). Cyan 

letters in the ProQ sequence show residues that are critical for RNA binding in 3-hybrid 

screening (Pandey et al., 2020). Yellow highlights in ProQ indicate vital residues for ProQ 

function (Rizvanovic et al., 2021). The indicated secondary structure is derived from the 

RocC:RocR crystal structure. (B) FP binding assay for 5’ FAM-labeled RocRSL3 with different 

RocC14-126 point mutants on the concave surface. (C, D) Surface representation of Roc14-126 

alone (C) and with RocR (D) colored to indicate the positions of mutated residues. (E) FP 

binding assay for 5’ FAM-labeled RocRSL3 with different RocC14-126 point mutants on the N-

terminus and the C-terminus. (F, G) Surface representation of Roc14-126 alone (F) and with 

RocR (G). 
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Mutation of residues in the N-cap RNA binding motif also led to significant reductions in 

binding and biological activity. The most dramatic effect was observed for R75D which led to a 

~100-fold reduction in binding affinity, as well as a complete loss of the mutant protein’s ability 

to repress transformation. K71D and K73D also displayed significant reductions in binding affinity 

(~10-fold) as well as an almost complete loss in transformation repression. S70A resulted in less 

pronounced but still significant defects in binding and transformation repression. 

We also tested mutations in the N-terminal helix 2, which our structure suggested could 

make limited contacts to the RNA hairpin. Deletion of the N-terminal 13 residues, which are 

disordered in our structures, did not impact RNA binding affinity or transformation repression. 

However further deletion to residue 24 resulted in a ~3-fold reduction in binding affinity, similar 

to what we had observed by EMSA, and a total loss of transformation repression (Figure 5-2B). 

Individual mutation of direct contacted residues in structural analysis (Q17A and S21A) and 

positively charged residues (K15D and K18D) in the 14-24 region did not exhibit reduced RNA 

binding, nor did they cause significant defects in transformation repression in vivo (Figure 5-1E, 

5-2A, Table 5-1A). Furthermore, we tested the binding affinity of a RocC construct containing an 

additional C-terminal predicted helical region (RocC1-137). This construct had the same binding 

affinity as 1-126, indicating that this additional region does not play a significant role in RNA 

binding (Figure 5-3D, Table 5-1A). 

 

5.3.2. ProQ/FinO domain of RocC recognizes the geometry of RNA and the terminal 3’ 

hydroxyl group  

Structural analysis showed that the ProQ/FinO domain of RocC contacts only 11 

nucleotides on the 3’ side of RocRSL3 and does not directly contact both strands of the hairpin 

(Figure 4-8D, E). Paradoxically however, our previous work on FinO showed that FinO bound to 

hairpin-containing RNAs and with only low affinity to ssRNAs (Arthur et al., 2003). We 

hypothesized that the specificity of ProQ/FinO domains for hairpin-containing RNAs might come 

from the recognition of the A-form conformation of the RNA, and not necessarily from a direct 

recognition of both strands per se.  Our analysis suggested this might be possible because the N-

cap motif coordinated multiple contiguous phosphates along the single strand that could only be 
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Table 5-1. Effects of RocC point mutations on RNA binding and isolated ProQ/FinO 

domain binding preferences in vitro using FP. (A) and (B) Tables of KD values derived from 

FP binding assays. ND indicates a KD could not be determined because binding saturation was 

not achieved. p-values indicated here compare KD of the RocC14-126 point mutation to the WT. 

We considered a p-value < 0.05 to be statistically significant. 

 

Figure 5-2. Correlation of RocC:RocR binding in vitro and functional relevence in vivo.  

(A) A graph displaying RNA binding affinities and transformation efficiencies for the indicated 

strains and RocC mutants. The orange columns indicate the KD values measured by FP, and 

the blue columns indicate the relative transformability of the indicated mutant or strain. # 

indicates a mutant which could not be purified due to low protein solubility. NS indicates 

mutants where RNA binding could not be detected. Values for the individual transformation 

measurements are shown, and the standard deviations from three independent measurements 

are shown for the FP binding data. (B) Role of the N-terminus of RocC for RocRSL3 binding in 

vitro and for uptake of DNA (transformation) in vivo. Transformation was assessed in 

Legionella strains containing either WT RocC, a mutant in which rocC translation is disrupted 

(rocCTAA), a RocR deletion (rocR), or different deletions at the N-terminus (RocCN14 - 

deletion of a.a. 1-13; RocCN19 – deletion of a.a. 1-18; RocCN24 – deletion of a.a. 1-23). 

The binding measurements were carried out with a fluorescence polarization (FP) assay using 

RocC1-126 or the indicated N-terminal deletion mutants, with FAM-labelled RocRSL3 as a target. 

(C) FP binding assays for 5’ FAM-labeled RocRSL3 with different RocC truncation mutants.  
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Figure 5-3. Detection of RocC* variants in vivo.  

Western-blot analysis of RocC and RocC* variants in the Paris WT strain, the ΔrocR and comRTAA 

hypercompetent strains and the Paris rocC, kanR strain and its derivatives bearing a mutated allele 

of rocC instead of the WT allele. The strains were grown up to OD600~1 in AYE medium @ 37°C. 

Samples of 1.5.108 cells were analysed by SDS-PAGE and Western-blot using polyclonal anti-

RocC antibodies. The symbol # indicates a cross-reactive band that can be used as a loading 

control, the arrow points to the bands corresponding to the RocC* proteins. 
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Figure 5-4. Measurement of binding interactions between RocC14-126 and either RocR9bp-tet , 

a single stranded RNA, or RocRP.  

(A) ITC analysis of RocR14-126 with RocR9bp-tet. (B) ITC analysis of RocR14-126 with a 10 nucleotide 

single-stranded RNA. (C) ITC analysis of RocR14-126 with RocRP. (D) EMSA analysis of RocR14-

126 with T4PNK treated RocRP. 
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possible if the RNA strand is in a A-form geometry (Figure 4-8B). To test the hypothesis that the 

RocC helical N-cap motif could impose a specificity for hairpin-containing RNA partners 

compared to single-stranded RNA, we used ITC to compare the interactions of RocC14-126 to either 

RocR9bp-tet or a 10 nucleotide single-stranded RNA corresponding to just the RNA region directly 

in contact with RocC in the crystal structure (Figure 5-3A, B). The results confirmed a tight 1:1 

interaction between RocC and RocR9bp-tet and furthermore revealed that the interaction is largely 

enthalpy-driven. RocC also bound the ssRNA with a 1:1 stoichiometry, albeit with an affinity that 

was ~19-fold weaker than for the stem-loop structure. In this case, the binding was still 

enthalpically-driven, however, the entropic cost of binding was much higher, consistent with the 

idea that the single-stranded RNA is able to make the same interactions with RocC, albeit with a 

higher entropic penalty due to the structural restraints imposed by the binding interaction on the 

flexible ssRNA (Figure 5-5 A, B).  

The tight packing of the 3’ nucleotide of RocR against RocC as well as the interaction of 

the 3’-hydroxyl with the penultimate phosphate suggests specific recognition of a terminal 

nucleotide with a 3’-hydroxyl group. To test this idea, we assessed the interactions of RocRSL3 

containing a terminal 3’-phosphate with RocC by ITC, demonstrating the critical importance of 

the chemical structure of the terminal nucleotide for RocC recognition (Figure 5-3C). The 3’ 

phosphate group in RocRP was removed by treatment with T4PNK, which contains a 3’ 

phosphatase domain in addition to its kinase domain. Binding of this RNA was tested using EMSA. 

The EMSA demonstrated the recovery of binding affinity of RocRP, which corroborated the 

importance of the 3’ hydroxyl group for target recognition of RocC (Figure 5-3D).  

 

5.3.3. ProQ/FinO domain proteins exhibit specificity for the length of the terminator 3’ tail 

 ProQ/FinO family members exhibit profound differences in their ability to recognize 

different RNAs in vivo. Certain proteins, such as RocC and FinO, only have one biological partner 

whereas other family members, such as ProQ and NMB1681, can bind a range of RNAs. The 

structures of the ProQ/FinO domains of these proteins, in particular, their 3’ nucleotide binding 

pockets and N-cap motifs, are well conserved between these proteins. Previous work demonstrated 

that FinO, ProQ and NMB1681, like RocC, all can bind transcription terminator structures 

(Attaiech et al., 2016; Chaulk et al., 2011; Jerome & Frost, 1999). Indeed, modelling of FinO and  
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Figure 5-5. Measurement of binding interactions between ProQ/FinO proteins and either 

RocR9bp-tet or a single stranded RNA.  

(A) ITC analysis of ProQ1-130 with RocR9bp-tet. (B) ITC analysis of ProQ1-130 with a 10 nucleotide 

single-stranded RNA. (C) ITC analysis of FinO45-186 with RocR9bp-tet. (D) ITC analysis of FinO45-

186 with a 10 nucleotide single-stranded RNA. 
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Figure 5-6. Thermodynamic data between the isolated ProQ/FinO domains and either 

RocR9bp-tet or a single stranded RNA.  

(A) Thermodynamic data of RocC14-126 with RocR9bp-tet. (B) Thermodynamic data of RocC14-126 

with a 10 nucleotide single-stranded RNA. (C) Thermodynamic data of ProQ1-130 with RocR9bp-tet. 

(D) Thermodynamic data of ProQ1-130 with a 10 nucleotide single-stranded RNA. (E) 

Thermodynamic data of FinO45-186 with RocR9bp-tet. (F) Thermodynamic data of FinO45-186 with a 

10 nucleotide single-stranded RNA.  

 

ProQ suggests that the ProQ/FinO domains of each of these proteins could bind to hairpin-3’ tail 

RNAs very similarly to how RocC binds the RocR terminator. We hypothesized that part of the 

difference in specificity of these different proteins might be their ability to bind RNAs with 
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different lengths of 3’ single-stranded tails. To test this, we created a set of model terminators 

based on RocRSL3 with 3, 5, or 8 nucleotide tails and measured the affinity of the ProQ/FinO 

domains of RocC, ProQ and FinO for these RNAs by FP (Figure 5-6). All the ProQ/FinO domains 

bound at least one of the test RNAs with high affinity (KD < 1 M). In agreement with the EMSA 

results, RocC showed a dramatic specificity for the 5-nucleotide tail, and only interacted weakly 

with the 3- or 8-nucleotide tails (KD > 20 M). Similarly, the ProQ/FinO domain of ProQ showed 

a strong binding to the 5-nucleotide tail RNA, and less binding to the other RNAs. In contrast, the 

ProQ/FinO domain of FinO showed less difference in binding specificity between the different 

RNAs, with only a weak preference for the 5- and 8-nucleotide tail lengths compared to the 3-

nucleotide tail. 

 

5.4. Discussion 

5.4.1 RocC:RocR provides a model for the recognition of intrinsic transcriptional 

terminators by proteins with a ProQ/FinO domain 

The structure of the RocC:RocRSL3 complex presented in the chapter 4 reveals a mechanism where 

RocC specifically binds its natural partner RocR by interacting with its terminator, i.e. the hairpin 

of SL3 and its 3’ single-stranded polypyrimidine tail. The relevance of this structure to RocC:RocR 

binding in solution and in vivo is supported by extensive mutagenesis data. This structure also 

provides a model to understand RNA recognition by other ProQ/FinO domain proteins. The pocket 

that binds the 3’ nucleotide of the terminator is particularly well conserved in the ProQ/FinO 

family. The position of the N-cap motif is highly conserved in the ProQ/FinO family, and Arg75 

is almost completely conserved (80% identity) with the major substitution being lysine. The 

structure explains previous biochemical and mutagenesis data on FinO as well as ProQ. Site-

specific protein-RNA crosslinking identified residues in and around the conserved 3’ nucleotide 

binding pocket (Lys125, Lys165), as well as the N-cap (Arg121) as key contact points for FinO 

(Ghetu et al., 2002). Likewise, bacterial 3-hybrid experiments identified the same surfaces on the 

ProQ/FinO domain of ProQ as important to recognize transcriptional terminator structures (Pandey 

et al., 2020). Ribonuclease footprinting revealed dramatic protection of the FinP 3’ tail by FinO, 

as well as protection of the first 3-4 nucleotides within the stem, precisely the same region that is 

bound by RocC in the RocC:RocR structure (Arthur et al., 2011). Interestingly, it was previously 
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shown that the recognition of FinP by FinO is strongly dependent on the chemical structure of the 

Figure 5-7. Specificities for 3’ tail length among FinO domain-containing proteins.   

(A, B, C) FP binding assay for various tail lengths of 5’ FAM-labeled RocRSL3 with RocC14-

126 (B), with FinO45-186 (C), or with ProQ1-130. ND indicates mutants where RNA binding was 

too weak to determine a KD. 

 

 

Figure 6-1. Models for a different mode of binding depending on 3’ tail length.  

(A-C) Models for a 3, 5, and 8 nucleotide 3’ tail with ProQ/FinO domain of RocC. Magenta 

and light green on protein surfaces indicated a 3’ binding pocket and N-cap motif, 

respectively. Yellow and light purple on RNA showed single-stranded and double-stranded, 

respectively.Figure 5-8. Specificities for 3’ tail length among FinO domain-containing 

proteins.   
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3’ nucleotide (Arthur et al., 2011), and we demonstrate here that phosphorylation of the 3’-

nucleotide of RocR also abolishes RocC binding (Figure 5-3C). 

The ProQ/FinO family members that have been studied in detail (FinO, RocC, ProQ and 

NMB1681) all bind transcriptional terminator structures but with varying degrees of specificity. 

While FinO and RocC bind to just one or two physiological partners, ProQ and NMB1681 bind to 

dozens of different sRNAs. Our structure of the RocC:RocRSL3 complex suggests a mechanism for 

the specific recognition of the hairpin as well as for the 3’ polypyrimidine tail. The duplex portion 

of the hairpin is recognized on one strand by the N-cap motif. The N-cap motif plays a key role in 

interaction. The structure showed the Ser70 and Ser 72 on the end of the N-cap clamps phosphate 

oxygens (Figure 4-8A, B). Sequence alignment of the ProQ/FinO domain also showed that Ser70 

and Ser72 residues are highly conserved with serine and threonine, emphasizing the importance of 

the hydroxyl group in this position. Interestingly, the mutation of the individual Ser70 and Ser72 

showed minor influences in vitro binding and in vivo function. Double mutations, on the other 

hand, lost binding to RNA and the weaker binding correlated to reduce transformability repression. 

Serine and threonine residues often contribute to nucleic acid interactions through phosphate 

backbone contacts (Luscombe et al., 2001). Specificity for the duplex is likely conferred through 

recognition of the A-form geometry of the contiguous phosphate groups on a single strand, rather 

than through a direct recognition of both strands of the hairpin. This is supported by our finding 

that while an ssRNA can bind RocC, its binding is entropically disfavored compared to the hairpin 

form (Figure 5-4). The lack of any direct interactions between the base-pairs of the stem and RocC 

is consistent with the lack of apparent sequence specificity of recognition of this domain. We found 

that replacement of the G-C base-pairs at the base of the stem only resulted in a small (~2-fold) 

reduction in binding affinity and previous results with FinO also indicate that this protein does not 

recognize specific sequences at this position (Jerome & Frost, 1999). The 3’ polypyrimidine strand 

adopts a hook-like structure, stabilized by hydrogen bonding between the penultimate phosphate 

and the terminal 3’-hydroxyl (Figure 4-8C). In this conformation, the strand tracks into the 3’ 

nucleotide binding pocket. While it is difficult to definitively model side chain – base hydrogen 

bonding interactions at this resolution, the structure does suggest some possibilities that may 

indicate specificity for pyrimidines within the tail. Highly conserved Arg75 participates in RNA 

backbone recognition, but may also hydrogen bond with the 5’-most uridines of the 

polypyrimidine tail. The next 2 nucleotides are packed against 7 in a manner that may sterically 



 133 

favour pyrimidines over purines, and residues such as Lys119 and Asn115 may provide sequence 

specificity through hydrogen bonding interactions with these bases. Consistent with this idea, 

mutations at these residues reduce binding affinity and, partially, transformation repression 

efficiency. The uridine base of the terminal 3’ nucleotide packs against Thr82 and mutation of this 

residue does significantly reduce transformation repression efficiency. 

Despite the highly conserved 3’ pocket and N-cap motif in FinO and ProQ, the isolated 

ProQ/FinO domain of FinO and ProQ showed different behaviour toward ssRNA in ITC. FinO 

does not strictly discriminate between stem-loop structures and ssRNAs. ProQ showed a 10-fold 

weaker interaction with ssRNA. At this point, we cannot explain why FinO apparently does not 

discriminate between the hairpin-containing terminator structure and the ssRNA, which is in 

contrast to our previous findings using FinP SLII and related ssRNAs. However, we do note that 

in the FinO binding experiment we did note a small positive heat of mixing in the saturated part 

of the titration. If this corresponds to a heat of mixing due to an imbalance in solution components, 

then it is possible that the measured values may underestimate the molar heat of binding and the 

affinity for the hairpin-containing RNA. 

In all cases, the binding reaction was driven mainly by enthalpy and was entropically 

unfavorable (Figure 5-5). Enthalpically favourable reactions are commonly observed for 

protein/nucleic acid interactions that are stabilized mainly through hydrogen bond and van der 

Waals interactions (Prozeller et al., 2019) (Figure 4-8A, B, C). Our thermodynamic analysis of 

RocC14-126:RNA interactions showed that the most of the reduction in binding affinity and G was 

due an increase of +2.81 kcal/mol in -TΔS, indicating a large reduction in entropy when comparing 

binding of the hairpin-containing RNA to the ssRNA. Entropy changes are linked to hydrophobic 

interaction and conformational constraints (Prozeller et al., 2019). Considering that protein/RNA 

interactions are mainly driven by hydrogen bond and van der Waals forces, the negative entropy 

changes are likely strongly influenced by the conformational constraints imposed on the ssRNA 

upon binding to RocC14-126. This entropic penalty is less when considering the hairpin RNA which 

is already held in the A-form conformation that is favourable for binding.    

 Our results also suggest that different ProQ/FinO domains have different specificities for 

the length of the 3’ ssRNA tail (Figure 5-6). Biologically, both FinO and RocC bind RNAs with 

5-nucleotide ssRNA tails, while ProQ tends to bind sRNA targets with shorter 4-nucleotide tails 
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(Holmqvist et al., 2018; Stein et al., 2020).  Biochemically, we find that the isolated ProQ/FinO 

domains of RocC, FinO and ProQ all have differing tail length specificities. RocC binds very 

specifically to its 5-nucleotide tailed RNA target. ProQ also preferentially bound to the 5 

nucleotide-tailed RocR compared to versions with either 3- or 8-nucleotide tails, while FinO 

showed little preference for the different tail lengths. Our structure would predict a minimal ssRNA 

tail length of 3 nucleotides, corresponding to the portion of the tail which must contour into the 

nucleotide binding pocket. In our structure, the 5’ nucleotide forms a U-U mispair with the first 

nucleotide of the 3’ poly-pyrimidine tract, where the 5’ nucleotide is packed against 5, however 

it is unclear if this mispair would be possible in the case of a longer RNA extended at the 5’ end. 

It is possible that different ProQ/FinO domain proteins all bind the 3’ strand in a way that is similar 

to what is observed in the RocC/RocR complex, however differences in how much the 5’ region 

can pair with the 3’ region might be determined by interactions with residues from  5 and possibly 

7.  
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6.1. Overall summary 

 Phylogenetic studies have revealed that ProQ/FinO family proteins are widely distributed 

in proteobacteria and RNA-seq demonstrated that they regulate genes associated with structured 

sRNAs and mRNAs (Attaiech et al., 2016). ProQ/FinO domains play a crucial role in RNA 

binding; however, the molecular details on binding remained unclear. RocC is one of the 

ProQ/FinO family in L. pneumophila, essential for L. pneumophila to repress natural 

transformation under normal growth conditions. RocC regulates the development of competence 

in association with its sRNA, RocR, which consists of three stem-loops: SL1, SL2, and SL3. A 

previous study showed that the ProQ/FinO domain of RocC (RocC1-126) binds SL3, and SL1 and 

SL2 interact with target mRNAs related to competence development through the 5’ UTR of the 

mRNAs (Attaiech et al., 2016). In this study, we tried to understand the minimal determinants of 

SL3 and the ProQ/FinO domain to bind each other using EMSAs. This knowledge contributed to 

obtaining diffracting crystals and determining a crystal structure of RocC14-126 (ProQ/FinO 

domain) in complex with RocR9bp-tet. The crystal structure analysis revealed for the first time how 

a ProQ/FinO domain recognizes an intrinsic transcriptional terminator in a highly specific manner. 

Structure-guided mutagenesis in vitro and in vivo demonstrated the importance of specific 

structural features for RNA binding and binding and the repression of competence.  

 Initial binding assays with RocC and RocR truncation mutants provided insights into 

minimum constructs for structural studies. As suggested by a previous EMSA study, we focused 

on the binding of the ProQ/FinO domain and SL3 (RocRSL3). The flexible N-terminal extension in 

RocC1-126 was truncated (RocC14-126 and RocC24-126) and tested the impact in binding. The binding 

affinity of RocC24-126 with RocRSL3 was too weak to measure in these initial assays, and was 

dramatically weaker than the binding of either RocC1-126 or RocC14-126 for SL3 (Figure 3-5A). 

These EMSA results concluded that RocC14-23 is essential for tight binding, and that RocC14-126 

would be a promising candidate for future structural studies. Investigation of RocRSL3 truncation 

mutations using EMSA and FP confirmed previous data that the intrinsic terminator should have 

a minimal 3’ tail length and stem base. A remarkable discovery was that RocC particularly requires 

a 5 nucleotide 3’ tail, unlike ProQ and FinO. We crystallized RocC14-126:RocR9bp-tet and determined 

the structure at 3.2 Å to reveal the secret of the 5 nucleotide tail specificity.   
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Determination of the crystal structure elucidated why RocC requires a 5 nucleotide tail and 

small duplex RNA stem. The 5 consecutive phosphate groups on the 3’ side of the stem base 

(G19G20C21C22C23) is contacted directly by a conserved -helical N-cap motif of RocC (Figure 4-

8A, B). Within the 3’ single-stranded tail, only the terminal two nucleotides, C27U28, directly 

contacted RocC through interactions with the highly conserved 3’ nucleotide binding pocket. The 

next two residues immediately 5’ to these nucleotides, U25U26, serves as a linker to place C27U28 

in the 3’ binding pocket (Figure 4-8A, C). The 2’ and 3’ hydroxyl groups of U28 forms hydrogen 

bonds with the main chain amine groups in a type II -turn--helix motif that is highly conserved 

in the ProQ/FinO family.  

 Based on structural analysis, we hypothesized that the 3’ hydroxyl group of last ribose 

sugar of the single-stranded tail, and the A-form helical structure of the hairpin, are the primary 

determinants recognized by RocC. ITC demonstrated that 3’ phosphorylation of the 3’ terminal 

residue of RocRSL3 blocked RocC14-126 binding, suggesting 3’ hydroxyl group recognition is key 

for specific binding (Figure 5-3). A-form helical structure recognition was tested with a single-

stranded 10 nucleotide RNA using ITC. The binding affinity of RocC14-126 for this ssRNA was 

reduced 19-fold compared to RocRSL3. Even though both interactions were enthalpically-driven, 

the ssRNA showed a higher entropic penalty compared to RocRSL3. The result from ITC suggested 

that the lower stem was required to conformationally restrict the A-form helix of 3’ side despite 

no direct contact on 5’ side.  

In conclusion, our comprehensive studies on RocC14-126 in complex with a high-affinity 

intrinsic transcriptional terminator revealed the mechanistic principles underlying this recognition. 

The highly conserved nature of the binding surfaces and RNA binding data from other ProQ/FinO 

proteins suggest key features of this mechanism are likely largely conserved across the family. 

 

6.2. Initial target filtering in the ProQ/FinO domain 

 It is well known that ProQ/FinO family is widely distributed across proteobacteria 

(Attaiech et al., 2016). They often contain either N-terminal or C-terminal extensions which are 

usually often poorly conserved and predicted to be highly disordered. Binding studies with 

truncation mutants defined ProQ/FinO domains as an RNA binding anchor that recognize intrinsic 
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terminators (Arthur et al., 2011; Chaulk et al., 2010; Jerome & Frost, 1999). Cross-linking or 

immunoprecipitation followed by RNA-sequencing enabled the detection of target RNAs for 

several FinO/ProQ family members. Application of these technologies showed that certain 

ProQ/FinO family members, such as RocC and FinO (Attaiech et al., 2016; El Mouali et al., 2021), 

could be highly selective, binding only one or two RNA targets, while others, such as ProQ and 

NMB1681, could bind dozens of different RNA targets (Bauriedl et al., 2020; Smirnov et al., 

2016). Even though our structure of the RocC:RocR complex revealed the secret of the high target 

selectivity of RocC, it remained unclear how ProQ, which contains a high degree of structural 

similarity, binds a diverse array of RNA targets. Our structural analysis cannot clarify what 

structural feature causes this difference; however, additional binding assays using FP and ITC in 

this thesis can provide more clues to understanding this conundrum.  

We demonstrated that RocC14-126 in the absence of its C-terminus is sufficient to achieve 

high selectivity. Comprehensive data presented in this thesis (Biochemically in Chapter 3, 

Structurally in Chapter 4, Biophysically in Chapter 5) suggested that high selectivity is rooted in 

ProQ/FinO domain of RocC and Figure 6-1 showed models to explain why ProQ/FinO domain of 

RocC requires certain tail lengths of RNA.  

Unlike RocC and FinO, ProQ binds a large RNA target suite and this recognition is also 

rooted in the ProQ/FinO domain. Unlike the ProQ/FinO domain of RocC, which shows a high 

degree of discrimination toward tail length and A-form RNA, ProQ1-130 showed generous binding 

to a range of RNA constructs. FP and ITC analyses with different RNA constructs using RocC14-

126 and ProQ1-130 in chapter 5 demonstrated the promiscuous nature of ProQ1-130. FP studies with 

three different tail lengths of RocRSL3 showed tight binding to all three tails although the tightest 

was RocR5nt (Figure 5-6C), supporting previous EMSA data that the minimal ProQ target consists 

of a 2 base-pair stem with a 4 nucleotide 3’ tail (Stein et al., 2020). The importance of 3’ tail length 

was tested using the malM mRNA 3’ UTR (a validated in vivo ProQ target) where the polyuridine 

tail length was varied from one to nine uridines. Tails of one to three uridines failed to bind; 

however, the ProQ/FinO domain of ProQ showed tight binding to RNA with four uridines (KD: 27 

nM) to nine uridines (KD: 5.1 nM). ProQ/FinO domain of ProQ also binds to ssRNA. Even though 
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the ITC binding affinity of ProQ1-130 with ssRNA was 10-fold weaker compared to RocRSL3, it is 

interesting to note that ProQ binds much tighter to these RocR-derived RNAs than RocC.  

In addition to the ProQ/FinO domain, ProQ also contains a C-terminal Tudor domain 

connected to the ProQ/FinO domain through a flexible linker and there is some evidence that all 

three regions of ProQ contribute to RNA interactions. For example, cspE mRNA 3’ UTR is a 

known ProQ target with a 4 polyuridine 3’ tail. Both the isolated ProQ/FinO domain and full-

length ProQ bind cspE 3’ UTR however, only full-length ProQ can bind cspE 3’ UTR mutants 

with long extensions to the 3’ tail, suggesting that the ability of ProQ to bind multiple RNA targets 

might involve the additional C-terminal domain. Direct evidence for interactions of the C-terminal 

domain with RNA come from HDX experiments, which showed all parts of ProQ – the ProQ/FinO 

domain, linker, and Tudor domains - all change their solvent accessibility when bound to RNA 

(Gonzalez et al., 2017). In addition, a comparison of ProQ protected surfaces when bound to two 

different RNA targets, SraB and cspE mRNA 3’ UTR, revealed that different regions were 

protected in the two different complexes. In conclusion, the large target suite of E. coli ProQ may 

result from the promiscuous binding of its ProQ/FinO domain, together with the assistance of the 

linker and Tudor domain.  

 

Figure 6-1. Models for a different mode of binding depending on 3’ tail length.  

(A-C) Models for a 3, 5, and 8 nucleotide 3’ tail with ProQ/FinO domain of RocC. Magenta 

and light green on protein surfaces indicated a 3’ binding pocket and N-cap motif, respectively. 

Yellow and light purple on RNA showed single-stranded and double-stranded, respectively.  

 

 

Figure 6-201. ProQ/FinO domain of NMB1681 showed a difference compared to other 

reported structures.  

Electrostatic potential surfaces of (A) ProQ/FinO domain of RocC (B) NMB1681. (C) 

Sequence alignment of N-cap motif with known structures. (D) WebLogo of N-cap region 

(Figure 4-12B). (E) NMB1681 (orange) structural alignment with RocC, ProQ, and FinO. 

Orientations of Arg66 (orange, NMB1681), Arg75 (magenta, RocC), Arg58 (green, ProQ), 

Arg121 (yellow, FinO) are shown.Figure 6-202. Models for a different mode of binding 

depending on 3’ tail length.  

(A-C) Models for a 3, 5, and 8 nucleotide 3’ tail with ProQ/FinO domain of RocC. Magenta 

and light green on protein surfaces indicated a 3’ binding pocket and N-cap motif, respectively. 

Yellow and light purple on RNA showed single-stranded and double-stranded, respectively.  

 

 

Figure 6-203. ProQ/FinO domain of NMB1681 showed a difference compared to other 

reported structures.  

Electrostatic potential surfaces of (A) ProQ/FinO domain of RocC (B) NMB1681. (C) 

Sequence alignment of N-cap motif with known structures. (D) WebLogo of N-cap region 

(Figure 4-12B). (E) NMB1681 (orange) structural alignment with RocC, ProQ, and FinO. 

Orientations of Arg66 (orange, NMB1681), Arg75 (magenta, RocC), Arg58 (green, ProQ), 

Arg121 (yellow, FinO) are shown.  
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6.2. Additional selectivity could involve regions outside the ProQ/FinO domain 

Our FP and ITC assays of the ProQ/FinO domain from FinO (FinO45-186) showed 

interesting results that suggest that FinO binding specificity might not only be conferred by 

ProQ/FinO domain, but may also involve the flexible N-terminus. FinO tail length specificity was 

previously investigated with SLII of FinP using EMSA (Jerome & Frost, 1999). This work 

demonstrated a strong preference of binding to an SLII with a 6 nucleotide tail compared to SLII 

variants with either a 4 or 2 nucleotide tail. Our FP and ITC affinity measurements using just the 

core ProQ/FinO domain (FinO45-186)  showed little affinity differences for RocR SL3 variants with 

either 3, 5 or 8 nucleotide tails (Figure 5-6B). Moreover, these experiments also show that, unlike 

RocC, there is little difference in binding affinity between SL3 and the 10 nucleotide ssRNA. This 

is surprising, given the fact that FinO is highly specific for FinP in vivo, while ProQ is apparently 

much more promiscuous in terms of its range of in vivo RNA partners (Figure 5-4, Table 5-1B). 

RNA sequencing has recently confirmed the high specificity of FinO in vivo, revealing only two 

target RNAs in E. coli, FinP and RepX, which have similar structures (El Mouali et al., 2021).  

One difference between the previous EMSA and our current FP assay is that EMSA used 

a natural binding target, SLII, and FP used RocRSL3. While we cannot rule out a role for these 

sequence differences, it is important to note that previous analysis of the effects of SLII mutations 

on FinO binding affinity did not uncover significant RNA sequence specificity(Jerome & Frost, 

1999). The major difference might be the FinO construct used in EMSA and FP assays. The EMSA 

used GST tagged full-length FinO (GST-FinO) and FP and ITC used FinO45-186, which lacks the 

flexible region N-terminal to the core ProQ/FinO domain. Could it be that this flexible N-terminus 

provides additional binding specificity? It is interesting to note that in a comparison of the affinities 

of N-terminal truncation mutants of FinO, it was found that FinO45-186 actually binds SLII 25-fold 

tighter than full-length FinO, suggesting a role for the N-terminus. An example of higher 

selectivity from an unstructured tail is found in Hfq protein. Hfq forms a homohexameric ring to 

perform its biological role as an RNA chaperone. The monomer has a conserved Sm-like fold with 

unstructured N- and C-terminal flanking regions. The N-terminus is quite short (10-20 

nucleotides), however, the C-terminus length can vary between species (E. coli: 38 amino acids, 

B. subtilis: 9 amino acids). This unstructured part is vital for chaperone activity and RNA 

selectivity (Santiago-Frangos et al., 2017). Sequence alignment revealed a conserved acidic part 

of the C-terminus. The interaction of the acidic tail and the arginine rich RNA binding surface on 



 141 

the rim of Hfq was demonstrated using fluorescence anisotropy. The acidic C-termius competed 

with the target RNA to bind through the arginine-rich region. This result suggested that the acidic 

region of the C-terminus mimics RNA in an autoinhibitory mechanism to increase the specificity 

of Hfq  (Santiago-Frangos et al., 2017). The interaction of FinO1-61 (N-terminus) with FinP was 

determined using EMSA to be 710 nM, 3.6-fold weaker than full-length FinO (Ghetu et al., 1999). 

Three residues within the FinO N-terminal region, Lys37, Lys40, and Lys 42, were crosslinked 

with SLII of FinP and gelFRET revealed the close proximity of Lys37, Lys42 with the base of the 

SLII stem (Ghetu et al., 2002). Taken together, these results support the idea that the structurally 

flexible N-terminus of FinO may directly contact RNA to increase the target selectivity and this 

idea should be tested with further experiments.  

 

6.3. Possibility of a different binding mode 

Our structural study revealed that two distinct surfaces are employed by the ProQ/FinO 

domain to bind RNA; the N-cap and the 3’ tail binding pocket (Figure 4-8A, B, C). Mutational 

studies demonstrated that point mutations in both the N-cap and the 3’ tail binding pocket cause 

defects in binding and biological function (Chapter 5).  

NMB1681 in N. meningitidis lacks N- and C-terminal extensions and as such is essentially just a 

minimal ProQ/FinO domain. This small protein can bind hundreds of sRNA and mRNAs to 

respond to cellular stress (Bauriedl et al., 2020). Like other ProQ/FinO domains, this protein 

contains the positively charged 3’ tail binding pocket, however, it also has a more positive charge 

distribution on the convex side (Figure 6-2A, B) (Olejniczak & Storz, 2017). Sequence alignment 

of the N-cap regions among the five determined structures shows that NMB1681 has an unusual 

N-cap that is not conserved in the other structures (Figure 6-2C). The highly conserved arginine 

corresponding to Arg75 in RocC is alanine in NMB1681 (Figure 6-2D, E). NMB1681 however 

does have an arginine one residue N-terminal to this position which may play a role in RNA 

binding (Figure 6-2E). Perhaps even more striking is the exchange of the conserved N-capping 

serine residue for an aspartic acid. This residue does cap the helix in NMB1681, however the 

negative charge of this residue suggests that interactions with RNA targets will be different for 

this region than observed in RocC (Figure 6-2D). 
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Figure 6-2. ProQ/FinO domain of NMB1681 showed a difference compared to other 

reported structures.  

Electrostatic potential surfaces of (A) ProQ/FinO domain of RocC (B) NMB1681. (C) 

Sequence alignment of N-cap motif with known structures. (D) WebLogo of N-cap region 

(Figure 4-12B). (E) NMB1681 (orange) structural alignment with RocC, ProQ, and FinO. 

Orientations of Arg66 (orange, NMB1681), Arg75 (magenta, RocC), Arg58 (green, ProQ), 

Arg121 (yellow, FinO) are shown.  

 

 

Figure 6-392. ProQ/FinO domain proteins bind transcriptional terminator structures to 

regulate RNA:RNA interactions.  
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6.4. Implications of the RocC:RocR structure for RNA remodeling 

One of the most intriguing properties of ProQ/FinO domain RNA chaperones is their ability 

to directly facilitate RNA-RNA association. This has been best studied for FinO, where the protein 

has been demonstrated to facilitate sense-antisense pairing between FinP and traJ mRNA in vitro 

(Arthur et al., 2003; Biesen & Frost, 1994; Ghetu et al., 2000; Gubbins et al., 2003; Sandercock & 

Frost, 1998) (Figure 6-3). FinO can also enhance interactions between the minimal transcriptional 

terminator SLII of FinP and its complementary region of traJ and it can also catalyze strand 

exchange between duplex and ssRNAs, implying that FinO can destabilize the double-stranded 

nature of the bound SLII hairpin. Sense-antisense recognition is thought to proceed via kissing 

interactions between complementary loop regions of the RNAs with subsequent unwinding of 

internal hairpins and inter-strand duplexing (Mark Glover et al., 2015). However, how FinO could 

at once bind to a hairpin RNA while destabilizing its base pairing was unclear. The RocC:RocR 

structure reveals that RocC only binds the 3’ strand of the hairpin, leaving the 5’ side 

unencumbered so that it could be peeled away to allow duplexing with a complementary RNA.  

The exact role of other ProQ/FinO domain proteins in facilitating RNA-RNA association 

is less clear. Many of these proteins, such as RocC and ProQ, mediate sRNA – target RNA 

recognition where there is only limited base pairing between the two RNAs (Figure 6-3). Most 

ProQ/FinO domain RNA partners identified to date are highly structured, and it is intriguing to 

speculate that the intrinsically disordered regions outside of the ProQ/FinO domain may be critical 

for chaperone activity. This hypothesis is supported by the observation that both the FinO_N 

domain of FinO (N-terminal to the ProQ/FinO domain) and the C-terminal domain of RocC (C- 

terminal to the ProQ/FinO domain) were shown to be essential to their function. Deletion of the 

flexible FinO_N domain abrogated duplexing and strand exchange activities but did not reduce 

RNA binding activity of FinO. This mutant was also unable to repress conjugation which suggests 

that this domain is critical for the RNA chaperone activities of FinO in vivo (Arthur et al., 2003). 

In a similar manner, deletion of the C-terminal domain of RocC does not impair its binding to 

RocR or RocR stability but causes a loss of the post-transcriptional repression of the mRNA targets 

(Attaiech et al., 2016) (Figure 6-3). More studies are needed to better understand the potential 

dynamic interactions between the ProQ/FinO domain, the associated domains, and their RNA 

partners and targets. 
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Figure 6-3. ProQ/FinO domain proteins bind transcriptional terminator structures to 

regulate RNA:RNA interactions.  

(A) Many ProQ/FinO domain proteins, such as RocC, facilitate in trans RNA association 

between sRNAs and target mRNAs. The ProQ/FinO domain specifically binds the 

transcriptional terminator of the RocR sRNA, stabilizing it against degradation. Key to RNA-

RNA association is the recognition of the sRNA seed sequence with its complementary region 

(the RocR box) in the target mRNA. The C-terminal region of RocC is required to facilitate 

the recognition and translational repression of target mRNAs such as comEA. (B) Many 

plasmid encoded ProQ/FinO domain proteins, such as FinO, regulate in cis sense-antisense 

RNA interactions. Similar to RocC, the ProQ/FinO domain of FinO also stabilizes the antisense 

RNA FinP against degradation. Initial RNA-RNA interactions are thought to involve loop:loop 

kissing interactions, which then proceed to duplex formation between the two RNAs, resulting 

in translational repression of the traJ mRNA target. In this case, the flexible N-terminal region 

of FinO is thought to be key in facilitating RNA:RNA interactions.  

 

 

Figure A-194. RNA annealing assay and SDS concentration test.  

(A) Testing annealing of 5’ radiolabeled RocR and comEA mRNA 5’ UTR over time by 10% 

non-denaturing gel electrophoresis.Figure 6-503. ProQ/FinO domain proteins bind 

transcriptional terminator structures to regulate RNA:RNA interactions.  
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6.5 Concluding remarks 

 Specific target recognition is a crucial step to regulate gene expression and RNA 

interactions are especially important for post-transcriptional regulation. ProQ/FinO domain 

containing proteins used their ProQ/FinO domain as an RNA binding anchor to regulate sRNA-

mediated gene regulation or bind directly to mRNA 3’ UTRs. In this thesis, we elucidated the 

molecular recognition mechanism of how the RocC ProQ/FinO domain binds to intrinsic 

terminators. We believe that the high degree of structural similarity between ProQ/FinO domains 

means that the lessons learned from the RocC:RocR system will be informative for other systems. 

However, it remains unclear why certain proteins, such as RocC and FinO, are highly specific for 

their RNA targets while others, such as ProQ and NMB1681, can bind many diverse targets in 

vivo.  

 High selectivity is probably conferred for its irreplaceable role in physiological conditions. 

ProQ bound to FinP with similar binding affinity as FinO and performed chaperone activity in 

vitro, suggesting ProQ could substitute for FinO in vivo (Chaulk et al., 2011). S. enterica serovar 

Typhimurium is an organism that carries three ProQ/FinO proteins, ProQ, FinO, and FopA, that 

this speculation could be tested. RIP-seq of ProQ revealed that there are no significant (p-value < 

0.05) reads of FinP or XepA (FinO targets), despite the fact that ProQ is more abundant than FinO 

(El Mouali et al., 2021). Furthermore, a ProQ null mutation does not affect FinP half-life and 

stability, suggesting FinO performs a distinct role, which could not be replaced by ProQ. I believe 

future research will elucidate the reason why ProQ and FinO have such distinct selectivity with a 

conserved ProQ/FinO domain structure with biological relevance.  
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Appendix A. 

The investigation of RocC chaperone activity and the discovery of RocC:RocR:comEA 

mRNA trimer complex 
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A.1. Overview 

RocC and RocR are key components to repress competence in L. pneumophila. An in vivo 

assay revealed that lack of either one of the components failed to suppress natural transformation. 

The ProQ/FinO family is reported to facilitate chaperone activity. RocC was assumed to have 

chaperone activity due to its possession of a ProQ/FinO domain however any chaperone activity 

associated with RocC had not been tested. RNA chaperone activity involves the ability to 

destabilize internal base-pairing and promote annealing of two RNAs. In this appendix, a set of 

experiments were performed to understand the ability of RocC to promote annealing of RocR and 

comEA mRNA 5’ UTR, one of RocR’s known targets. The annealing assay revealed RocR and 

comEA mRNA forms a complex without RocC assistance. However, we did observe that RocC 

could participate in a 2RocC:2RocR complex, suggesting the possibility that RocC may exhibit 

some abililty to facilitate RocR-RocR association. In addition, EMSA revealed a potential 

RocC:RocR:comEA mRNA complex. 

 

A.2. Introduction 

 The RNA chaperone activity of the ProQ/FinO family was demonstrated using FinP and 

its complementary RNA traJ mRNA with E. coli FinO, ProQ, and N. meningitidis NMB1681 

(Chaulk et al., 2010, 2011; Ghetu et al., 2000). RNA chaperones are generally thought to remodel 

RNAs by disrupting internal base-pairs and promoting new base pairings. In the FinOP system, 

the ability to melt internal hydrogen bonds and enhance duplex formation were demonstrated with 

strand exchange and RNA annealing (or duplexing) assays (see Chapter 1 and Figure 1-7B, C) 

(Arthur et al., 2003). RocC is a member of the ProQ/FinO family in L. pneumophila and has been 

shown to be involved in a system that represses the expression of genes required for the uptake of 

environmental DNA, known as natural competence (Attaiech et al., 2016). RocR, the primary 

RNA target of RocC, is composed of 3 stem-loop structures (SLs) of which the final, SL3 is part 

of the transcription terminator. EMSA revealed strong binding to SL3 of RocR through the RocC 

ProQ/FinO domain, and SL1 and SL2 were predicted to base-pair with 4 target mRNAs to regulate 
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competence development. In addition, RocC was also shown to enhance the half-life of RocR 

(Attaiech et al., 2016).  

The 4 target mRNAs share a conserved seed region called the RocR box near the RBS 

(Attaiech et al., 2016). These 6 nucleotides are complementary to the exposed loop in SL1. 

Mutations in the RocR box reduced the ability of RocR to repress gene expression, suggesting 

RocR:comEA mRNA hybridization is critical for gene regulation. In vivo analysis demonstrated 

that RocR:comEA mRNA base-pairing and RocC interaction with RocR increases RocR stability 

and is essential for gene repression (Attaiech et al., 2016). However, it remained unclear whether 

RocC could remodel RNA structure or could facilitate pairing between RocR and comEA mRNA.     

 Here, we attempted to understand the ability of RocC to promote annealing of RNAs using 

EMSA. RNA annealing assays showed that RocR and comEA mRNA 5’ UTR spontaneously forms 

an unstable complex in the absence of RocC. We found that RocC binds through SL3 and 

potentially promotes self-dimerization of RocR. RocC-facilitated RocR dimerization required the 

RocC C-terminal domain. We also found a potential trimeric complex composed of RocC, RocR 

and comEA mRNA. 

 

A.3. Results 

A.3.1. RocR and comEA mRNA can form a complex that is sufficiently stable to be 

observed in EMSA 

 We had previously used EMSA to measure the ability of the complementary RNA pair 

FinP and traJ to interact, and to demonstrate that this pairing is facilitated by FinO (Arthur et al., 

2003). In this case, FinP and traJ are perfectly complementary, however, the presence of hairpin 

structures within both RNAs served as kinetic blocks against their hybridization. To test whether 

RocC also has RNA chaperone activity that facilitates RocR interaction with comEA mRNA, we 

wanted to first test if the limited pairing that is expected to form between these two RNAs is 

sufficient to make a stable complex in EMSA. To test this, we labeled RocR with 32P, and tested 

its ability to interact with a molar excess of unlabeled RNA corresponding to the 5’ UTR of comEA 

mRNA by non-denaturing gel electrophoresis (EMSA). Our results suggest that the presence of 

the comEA mRNA does not impact the mobility of RocR if the sample is run on the gel 
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immediately after mixing. However, if the mixture is allowed to equilibrate, a lower mobility 

species is observed and this species becomes more prominent as the mixing time is increased 

 

 

(Figure A-1). This species was also observed if the mixture was denatured at 90°C followed by 

renaturation by either slow cooling or snap cooling. We suggest that this species corresponds to a 

RocR:comEA complex, however the fact that not all the RocR is shifted into this complex may 

suggest that this complex is not kinetically stable enough for all the sample to remain paired 

through the EMSA assay. Nevertheless, this experiment demonstrates that enough complex can be 

detected so that EMSA can be used to monitor interactions between these RNAs. 

 

A.3.2. Full-length RocC can form two distinct complexes with RocR 

We next used EMSA to further probe interactions of RocC with RocR. Our preliminary 

work previously demonstrated that RocC can bind RocR with ~M binding affinity, and that most 

of this interaction is due to recognition of the 3’ SL3 of RocR with the RocC ProQ/FinO domain 

(Attaiech et al., 2016). We revisited these experiments with more highly purified RocC and found 

that actually RocC forms two distinct complexes with RocR. SDS-PAGE analysis of our RocC 

Figure A-1. RNA annealing assay and SDS concentration test.  

(A) Testing annealing of 5’ radiolabeled RocR and comEA mRNA 5’ UTR over time by 10% 

non-denaturing gel electrophoresis.  

 



 176 

indicates that the two species are not simply due to degradation of the RocC protein (Figure A-

2A). We therefore conclude that RocC can bind RocR to form two stoichiometrically-distinct 

complexes (Figure A-2B). We also compared this interaction to the interaction of the isolated 

RocC FinO domain (RocC1-126). While these experiments revealed significant non-specific 

binding, the results suggest this protein binds RocR to yield only a single defined complex, and 

not the two complexes formed by the full-length protein. 

 

A.3.3. RocC can form a complex with RocR and comEA RNA 

One possible way in which RocC might facilitate RocR repression of comEA could be 

through direct stabilization of RocR:comEA RNA interactions. To ascertain whether RocC might 

interact with the RocR:comEA RNA complex, we titrated RocC into a mixture of RocR and comEA 

RNA and separated the resulting species by EMSA (Figure A-3). The results appear very similar 

to the control titration of RocC against RocR alone. However, we do observe some differences. 

The band corresponding to the RocR:comEA RNA complex disappears as RocC is added and a 

new faint band of lower mobility is observed, which we suggest corresponds to a 

RocC:RocR:comEA RNA complex. To further validate this notion, we titrated increasing 

concentrations of comEA RNA into a RocC:RocR mixture (Figure A-4). These results show that 

with increasing concentrations of comEA RNA, the intensity of the tentative RocC:RocR:comEA 

RNA band increases. In addition, the lower mobility of the two RocC:RocR complexes reduces in 

intensity, suggesting that this complex but not the higher mobility RocC:RocR complex seems to 

preferentially bind comEA RNA. 

 

A.4. Discussion 

 While most of the study of FinO domain proteins has focused on their ability to specifically 

bind 3’ RNA structures, it is also clear that this function is not sufficient for biological activity. 

This has been clearly demonstrated for FinO and also for RocC. For RocC, truncations of the C-

terminal domain ablate the ability of RocC to repress competence in vivo, even though the 

truncated protein is stable in cells and can stabilize RocR (Attaiech et al., 2016). Thus, there must 

be some additional critical activity that facilitates function. For FinO, we believe this function is 
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associated with the protein-assisted destabilization of internal RNA secondary structures that can 
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then facilitate RNA:RNA duplexing. In the case of the RocC:RocR:comEA system, a completely 

complementary duplex is not possible, and interactions between these RNAs likely only involve 

limited base pairing. Indeed, the results shown here do indicate that RocR and comEA RNA can 

interact, however these interactions are likely less stable in gel electrophoresis than the FinP:traJ 

RNA duplex. Our results also suggest that interactions between full-length RocC and RocR are 

Figure A-2. EMSA to test the impact of the RocC C-terminus on formation of the higher 

order RocC:RocR complex.  

(A) Purified RocC1-230 on 15% SDS-PAGE gel. (B) RocR was 5’ radiolabeled and visualized 

on a 10% native gel. Temperature indicates the sample incubation temperature. The 

concentration of RocC in each lane is indicated.  

 

Figure A-3. EMSA to test the role of RocC in RocR:comEA mRNA annealing.  

RocR WT was 5’ radiolabeled and visualized on the 10% native gel. Temperature indicates the 

sample pre-incubation temperature.   
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more complex than the interactions of the isolated RocC FinO domain with the RocR terminator. 

RocC appears to interact with RocR in a way that involves interaction of multiple RocC molecules 

with RocR, or else that RocC interaction triggers RocR oligomerization. This species appears to 

be able to interact with comEA RNA to form a new complex. Interestingly, this complex has a 

higher mobility than the RocC:RocR complex, suggesting that it may be smaller than the 

RocC:RocR complex.  

We suggest that the RocC:RocR complex might be an heterotetramer (Figure A-5A, A-6). 

The heterotetramer could be in either of two forms (Figure A-6). One possibility could be where 

the two RocR RNAs interact through limited imperfect base pairing between the two RNAs while 

the RocC proteins bind to the 3’ transcription terminator hairpin-tail structures (Figure A-6A). A 

second possibility would involve the unwinding of SL3 and the pairing of the SL3 regions of the 

two RocR molecules to stabilize RocR:RocR complex (Figure A-6B). We previously showed that 

Figure A-4. EMSA to test the formation of the RocC:RocR:comea mRNA trimer.  

RocC was incubated with 5’ radiolabeled RocR at 37°C. The number of comEA mRNA is the 

fold molar excess over RocR.  
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FinO, ProQ and NMB1681 can all facilitate duplexing between stem-tail RNA terminator 

structures and it seems likely that this could also occur with RocC. Our structural work shows that 

RocC ProQ/FinO domain interacts almost exclusively with the 3’ strand of the terminator hairpin, 

presenting the possibility that the hairpin could unwind and pair with a complementary strand with 

RocC remaining bound. This would leave the remaining 5’ region of RocR free to interact with 

comEA RNA. The fact that the RocC:RocR:comEA RNA complex has a higher mobility than the 

RocC:RocR complex suggests that formation of the former likely involves dissociation of the 

RocC:RocR hetero-tetramer. 

Further work is required to develop this model. First, experiments with a higher 

concentration of comEA RNA should be performed to better visualize complexes involving this 

RNA. Second, we will do further work to determine the role of the C-terminal domain of RocC in 

this process. Is the C-terminal domain truly required to allow formation of a RocC:RocR:comEA 

complex? Can the C-terminal domain facilitate formation of a high oligomeric complex with just 

the RocR hairpin-tail terminator structure? This latter experiment could directly distinguish 

between the two models of hetero-tetramer presented in Figure A-5. If the C-terminal domain is 

truly critical for this activity, it would be interesting to mutagenize this region to gain more details 

into what residues are truly important for this activity. It would then be interesting to test the effects 

of these mutations in vivo to see if there is a good correlation between the ability to complex with 

comEA, and repression of comEA in living cells. 

Finally, structural studies involving larger RocC constructs might yield mechanistic 

insights into the basis of RocC chaperone activity. Previous work on the ProQ system suggested 

that the C-terminal domain of that protein does contact its RNA targets (Gonzalez et al., 2017). In 

the FinO system, there is good evidence that it is the N-terminal unstructured region that is 

particularly critical for chaperone function. While that region is dispensable for high affinity RNA 

recognition, FRET and RNA-protein crosslinking demonstrated that that domain does in fact 

contact RNA. 
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Figure A-5. Predicted RocC:RocR 2:2 complex and RocC:RocR:comEA mRNA trimer 

complex.  

(A) Potential RocC:RocR 2:2 complex. Red is the loop of SL1 and SL2. Lines are Watson-Crick 

base pairs, and dots are wobble base pairs. (B) Potential RocC:RocR:comEA mRNA trimer 

complex. Green is RocR box.  
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Figure A-6. Two possible RocC:RocR heterotetramer models. 

(A) Individual RocC binds through SL3 of RocR, and two RocR forms duplex through SL1 and 

SL2. (B) Duplex forms through SL3 hybridization. RocC binds to RocR through SL3-like 

hybridized-duplex stem.  
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A.5. Materials and Methods 

EMSA 

 EMSA was performed with minor modifications from Chapter 2. 

RNA annealing assay 

 The 5’ radiolabeled RocR and non-labeled comEA mRNA complex for titrating with RocC 

gradient was prepared by incubating at least a 10-fold molar excess of comEA mRNA was 

incubated with RocR. Annealed RNAs by heat were incubated at 90°C at the heating block for two 

minutes. After incubation, the sample, which cool down in the ice, is called snap cooling. In the 

slow cooling sample, heating was turned off after two minutes incubation and was left until the 

heating block came down to room temperature.  

Labeled RocR (450 nM in 40 μL) were incubated 50 minutes at 37°C with a 20-fold higher 

molar excess of comEA mRNA (8.8 μM in 40μL) in 40 μL EMSA reaction buffer (25 mM HEPES 

pH 7.3, 150 mM NaCl, 4 mM MgCl2, 10% glycerol, 1 mM DTT, and 12 U RNaseOUT 

(ThermoFisher)). Each time point from 0.5 to 50 minutes, 5μL of the sample was taken from the 

mixture and mixed with 1 μL of 5x native gel loading dye (10 mM Tris pH 8.0, 50% glycerol, 

0.001% bromophenol blue, 0.001% Xylene cyanol FF). 4 μL out of 6 μL were loaded into 

continuously running 10% native gel. The running condition was the same as EMSA in chapter 2.  

 

 

 

 

 

 

 

 

 

 

 



 184 

A.6. References 

 

Arthur, D. C., Ghetu, A. F., Gubbins, M. J., Edwards, R. A., Frost, L. S., & Glover, J. N. M. 

(2003). FinO is an RNA chaperone that facilitates sense-antisense RNA interactions. EMBO 

Journal, 22(23), 6346–6355. https://doi.org/10.1093/emboj/cdg607 

Attaiech, L., Boughammoura, A., Brochier-Armanet, C., Allatif, O., Peillard-Fiorente, F., 

Edwards, R. A., Omar, A. R., MacMillan, A. M., Glover, M., & Charpentier, X. (2016). 

Silencing of natural transformation by an RNA chaperone and a multitarget small RNA. 

Proceedings of the National Academy of Sciences of the United States of America, 113, 8813–

8818. https://doi.org/10.1073/pnas.1601626113 

Chaulk, S., Lu, J., Tan, K., Arthur, D. C., Edwards, R. a, Frost, L. S., Joachimiak, A., & Glover, 

J. N. M. (2010). N. meningitidis 1681 is a member of the FinO family of RNA chaperones. RNA 

Biology, 7(6), 812–819. https://doi.org/10.4161/rna.7.6.13688 

Chaulk, S., Smith-Frieday, M. N., Arthur, D. C., Culham, D. E., Edwards, R. A., Soo, P., Frost, 

L. S., Keates, R. A. B., Glover, J. N. M., & Wood, J. M. (2011). ProQ is an RNA chaperone that 

controls ProP levels in escherichia coli. Biochemistry, 50(15), 3095–3106. 

https://doi.org/10.1021/bi101683a 

Ghetu, A. F., Gubbins, M. J., Frost, L. S., & Glover, J. N. M. (2000). Crystal structure of the 

bacterial conjugation repressor FinO. Nature Structural Biology, 7(7), 565–569. 

https://doi.org/10.1038/76790 

Gonzalez, G. M., Hardwick, S. W., Maslen, S. L., Mark Skehel, J., Holmqvist, E., Vogel, J., 

Bateman, A., Luisi, B. F., & William Broadhurst, R. (2017). Structure of the Escherichia coli 

ProQ RNA-binding protein. RNA, 23(5), 696–711. https://doi.org/10.1261/rna.060343.116 

  

 

 

 

 

 

 

 

 



 185 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B. 

Flexible tethering of ASPP proteins facilitates PP-1c catalysis 
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B.1. Overview 

ASPP (apoptosis-stimulating proteins of p53) proteins bind PP-1c (protein phosphatase 1) 

and regulate p53 impacting cancer cell growth and apoptosis. Here we determine the crystal 

structure of the oncogenic ASPP protein, iASPP, bound to PP-1c. The structure reveals a 1:1 

complex that relies on interactions of the iASPP SILK and RVxF motifs with PP-1c, plus 

interactions of the PP-1c PxxPxR motif with the iASPP SH3 domain. Small angle X-ray scattering 

analyses suggest the crystal structure undergoes slow interconversion with more extended 

conformations in solution. We show that iASPP, and the tumour suppressor ASPP2, enhance the 

catalytic activity of PP-1c against the small molecule substrate, pNPP as well as p53. The 

combined results suggest that PxxPxR binding to iASSP SH3 domain is critical for complex 

formation, and that the modular ASPP-PP-1c interface provides dynamic flexibility that enables 

functional binding and dephosphorylation of p53 and other diverse protein substrates. 

 

B.2. Introduction 

The tumour suppressor p53 is regulated by a complex network of interacting proteins and 

post-translational modifications (Bieging et al., 2014). A key family of p53 regulatory proteins is 

the ASPP family (apoptosis-stimulating proteins of p53), which has three members: the highly 

homologous ASPP1 and ASPP2, and the inhibitory iASPP protein (Trigiante & Lu, 2006). ASPP1 

and ASPP2 have been shown to bind the p53 DNA binding domain and potentiate the pro-

apoptotic transcriptional activity of p53 (T. Mori et al., 2000; Samuels-Lev et al., 2001; Sgroi et 

al., 1999). In contrast, iASPP binds to p53 and inhibits pro-apoptotic p53 activity. Given their roles 

in regulating p53 activity, it is not surprising that ASPP1 or ASPP2 levels are decreased in several 

human cancers and this is associated with the transition to metastases in breast cancer (Agirre et 

al., 2006; S. Li et al., 2012; W. K. Liu et al., 2010; Z. J. Liu et al., 2004, 2005; Lossos et al., 2002; 

S. Mori et al., 2004; T. Mori et al., 2000; Samuels-Lev et al., 2001; Sgroi et al., 1999; Zhao et al., 

2010). The iASPP protein is overexpressed in multiple cancers, typically in those that express 

wild-type p53 (Bergamaschi et al., 2003; Cao et al., 2013; G. Li et al., 2011; S. Li et al., 2012; LIN 

et al., 2011; W. K. Liu et al., 2010; B. Lu et al., 2010; Pinto et al., 2010; B. Zhang et al., 2011; X. 

Zhang et al., 2005). In addition, increased ASPP1/2 expression is correlated with enhanced 
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sensitivity of tumour cells to cytotoxic chemotherapy and radiation, while enhanced iASPP 

expression leads to resistance (Ao et al., 2001; Bergamaschi et al., 2003; Cao et al., 2013; Jia et 

al., 2014; S. Li et al., 2012; H. Liu et al., 2009; T. Mori et al., 2000; L. Wang et al., 2012; X. Zhang 

et al., 2005).  

All three ASPP proteins share a conserved C-terminal domain consisting of a proline rich 

region, followed by four ankyrin (ANK) repeats and a SH3 domain that binds p53. While the N-

terminal regions of ASPP1/2 and iASPP are poorly conserved and are thought to be mainly 

unstructured, studies have shown that this region is regulated by multiple post-translational 

modifications and protein-protein interactions (Aylon et al., 2010; Godin-Heymann et al., 2013; 

M. Lu et al., 2013; Trigiante & Lu, 2006). The ANK/SH3 domain of ASPP1/2 binds to the DNA 

binding domain (DBD) of p53 (Gorina & Pavletich, 1996; Patel et al., 2008) and the majority of 

cancer-associated p53 mutations that inhibit the ability of p53 to bind to DNA also block its 

interaction with ASPP1/2 (Samuels-Lev et al., 2001). While iASPP has a similar ANK/SH3 

domain, it is not thought to bind tightly to the p53 DBD. Instead, proline-rich sequences in other 

regions of p53 are thought to bind to the iASPP SH3 domain (Ahn et al., 2009; Bergamaschi et al., 

2006). Not only is the ANK/SH3 region critical for interactions with p53, but it has also been 

shown to interact with the serine/threonine protein phosphatase-1c (PP-1c) (Helps et al., 1995; 

Llanos et al., 2011; Skene-Arnold et al., 2013), fueling speculation that the ASPP proteins may 

regulate the phosphorylation status of p53.  

Together with Protein Phosphatase-2A (PP-2A), PP-1c handles most Ser/Thr 

dephosphorylation in human cells (Shi, 2009) and gains its specificity through selective 

interactions with hundreds of regulatory proteins that target PP-1c to specific phosphorylated 

substrates (Bollen et al., 2010; Brautigan & Shenolikar, 2018). A growing body of structural 

studies have indicated some conserved themes in PP-1c regulatory proteins. Many of these proteins 

are largely unstructured, and utilize extended coil structures to wrap around PP-1c to contact 

various targeting surfaces (Bollen et al., 2010; Choy et al., 2012). Not only are these interactions 

thought to bind the regulatory protein to PP-1c, but they can also block potential substrate binding 

grooves on the PP-1c surface to modulate substrate specificity. The most common PP-1c binding 

motif identified is the tetrapeptide RVxF motif ([R/K]-[V/I/L]-X-[F/W], where X can be any 

amino acid except proline), and other secondary motifs have been identified such as the MyPhone, 
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SILK ([S/G]-I-L-K), and  motifs (Bollen et al., 2010; Choy et al., 2012). In addition to these 

short peptide motifs, ANK domains have also been shown to bind PP-1c, as in the PP-1c regulatory 

factor, MYPT1 (Terrak et al., 2004).  MYPT1 also binds to PP-1c via MyPhone and RVXF motifs 

N-terminal to its ANK repeats.  

The fact that all three ASPP proteins contain RVxF-like motifs immediately N-terminal to 

their ANK domains suggested that they might bind PP-1c in a manner similar to MYPT. Building 

on this work, we recently showed that purified ASPP1, ASPP2 and iASPP can all form 1:1 

stoichiometric complexes with PP-1c that critically involve the unstructured C-terminal tail of PP-

1c (Skene-Arnold et al., 2013). Here we determine the crystal structure of iASPP bound to PP-1c, 

which reveals that the interactions between the two proteins are stabilized by several distinct 

contact surfaces. Small angle X-ray scattering however indicates that the complex accesses 

additional conformational states in solution that likely involve the release of one or more of the 

peptide contacts. From the combined results, we propose a structure-based model for how the 

modular nature of the ASPP-PP-1c contact surface provides dynamic flexibility that enables p53 

binding and dephosphorylation. 

 

B.3. Results 

B.3.1. Overview of the crystal structure of iASPP608-828 bound to PP-1ca 

To understand the structural basis for interactions between iASPP and PP-1c, we crystallized and 

determined the structure of the minimal PP-1c-binding iASPP fragment, iASPP608-828 (Skene-

Arnold et al., 2013), bound to PP-1c at 3.41 Å resolution (Figure B-1, Table B-1, see the section 

B.5. Materials and Methods for more details). iASPP residues 627-828 constitute the folded core 

of iASPP, and is composed of four N-terminal ankyrin (ANK) repeats and a C-terminal SH3 

domain that we find are essentially identical to the structures of this region in free iASPP 

(Robinson et al., 2008) as well as ASPP2 (Gorina & Pavletich, 1996). The iASPP N-terminal ANK 

repeat docks against a shallow groove on PP-1c and the N-terminal peptide iASPP608-626 extends 

away from this contact surface, making two additional interactions with the PP-1c catalytic core 

(Figure B-1A, B). The first contact involves residues 622RARL625, which plays the role of an RVxF 

motif (Figure B-2A) as previously predicted (Skene-Arnold et al., 2013). N-terminal to this 
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sequence the electron density becomes poor and tracks away from PP-1c, however, additional 

 

 

Figure B-1. Crystal structure of iASPP608-828 bound to PP-1c.  

(A) Overview of the structure of iASPP608-828 bound to PP-1c. iASPP is brown, PP-1c is in 

green. Peptide segments involved in key protein-protein contacts are illustrated with C 

spheres and the four ANK repeats are numbered. Regions of polypeptide chain not visible in 

the electron density are indicated by dotted lines. (B) Comparison of the two iASPP608-828-PP-

1c complexes in the asymmetric unit, aligned on PP-1c, with the second iASPP in the closed 

conformation colored grey and an electrostatic charge surface displayed for PP-1c. The ~22o 

angular difference in the orientation of the two iASPPs relative to PP-1c is indicated. (C) Top 

panel, comparison of the primary structures of the C-terminal regions of iASPP, ASPP1 and 

ASPP2 with key domains and motifs indicated. Bottom panel, sequence alignment of the C-

terminal unstructured tails of the three PP-1c isoforms. (D) Structural comparison of the 

closed complex of iASPP-PP-1c with the structure of MYPT1-PP-1, aligned on PP-1c with 

the different chains colored as indicated in the figure. Crystallographic statistics are given in 

Table B-1. 
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Table B-1. Data collection and refinement statistics. 

density is observed packed into an adjacent groove on PP-1c groove that can bind SILK-like 

motifs. We suggest this density represents the N-terminal-most region, 609SVLR612, which may 

play the role of a SILK motif (Figure B-2B). Notably, the conservation of the 609SVLR612 and 

622RARL625 sequences in the ASPP protein family suggest that similar interactions may stabilize 

complexes with PP-1c in the other ASPP proteins (Figure B-1C). The final major contact between 

PP-1c and iASPP involves the SH3 domain of iASPP and a region of left-handed helical density 

that we have modeled as the 318PxxPxR323 motif near the C-terminus of the flexible PP-1c tail 
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(Figure B-2C).  This motif is conserved in all PP-1c isoforms, although the length of the tail linking 

the PxxPxR motif to the catalytic domain varies between isoforms (Figure B-1C).  

Two distinct iASPP-PP-1c complexes are observed in the crystallographic asymmetric 

unit. The overall structures are similar, however a structural alignment of the PP-1c catalytic 

Figure B-2. iASPP-PP-1c representative electron density.  

Related to Figures B-1 and B-3. Shown is representative Fo-Fc difference electron density 

(green), phased with iASPP627-828 and PP-1c1-300 placed by molecular replacement before  

refinement, and contoured at 2.5 . Difference density is shown for the RARL (A), SILK (B) 

and PxxPxR (C) motifs. In each panel, the omitted motif is shown as beige sticks and residues 

are labelled. 

 

 

Figure B-2. Four distinct contact surfaces stabilize the iASPP-PP-1c complex.Figure B-3. 

iASPP-PP-1c representative electron density.  

Related to Figures B-1 and B-3. Shown is representative Fo-Fc difference electron density 

(green), phased with iASPP627-828 and PP-1c1-300 placed by molecular replacement before  

refinement, and contoured at 2.5 . Difference density is shown for the RARL (A), SILK (B) 

and PxxPxR (C) motifs. In each panel, the omitted motif is shown as beige sticks and residues 

are labelled. 
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domains of two complexes (Figure B-1B) reveals conformational differences between the binding 

orientation of the iASPP ANK-SH3 domain relative to PP-1c. The difference between the two 

complexes likely reflects the conformational flexibility of the complex in solution, as the 

alignment shows that iASPP pivots on the N-terminal ANK repeat such that there is an ~20o 

difference in the angular orientation of iASPP with respect to PP-1c between the two complexes. 

The MYPT family of PP-1c regulatory subunits also use an RVxF motif N-terminal to ANK 

repeats to bind PP-1c (Grassie et al., 2011; Ito et al., 2004) and the overall orientation of the more 

compact or closed iASPP-PP-1c complex resembles the PP-1c binding orientation of the MYPT1 

regulatory subunit (Figure B-1D) (Terrak et al., 2004).  

 

B.3.2. Four distinct contact surfaces stabilize the iASPP-PP-1c complex 

Our structure shows that a large ~3100 Å2 solvent accessible surface area is buried upon formation 

of the iASPP-PP-1c complex, explaining the tight binding affinity of the complex (26 nM (Skene-

Arnold et al., 2013)). The two proteins do not interact through a single contiguous binding surface; 

however, they instead contact one another through four distinct interfaces (Figure B-3A). The 

largest of these interfaces is formed between the PxxPxR motif of PP-1c and the SH3 domain of 

iASPP, which buries ~990 Å2 of the solvent accessible surface (Figure B-3B and Figure B-2C). 

The PP-1c C-terminal PxxPxR motif adopts a polyproline helical structure similar to the classical 

interactions observed between SH3 domains and class II polyproline peptide targets (Feng et al., 

1994; Lim et al., 1994). Within the iASPP SH3 domain, Trp767, Tyr814, Pro811 and Trp798 form 

the base of the peptide binding cleft and contact PP-1c residues Pro318 and Pro321, which protrude 

from the PxxPxR motif. Arg323 of PP-1c packs against a cluster of negatively charged residues 

from the iASPP SH3 RT loop (Glu772, Asp775, Glu776). The importance of the PxxPxR-SH3 

contact is consistent with the finding that deletion of the PP-1c tail abrogates interactions with 

ASPP proteins in pull-down experiments (Skene-Arnold et al., 2013). The PxxPxR motif also 

contains a conserved Thr320 (Figure B-1C), which packs into a pocket formed by Tyr769, Trp798, 

Pro811, Tyr814, and Glu772 (Figure B-3B). Thr320 is a known cdk2-cyclin A phosphorylation 

site that is phosphorylated during mitosis and is associated with PP-1c auto-inhibition (Berndt et 

al., 1997; Dohadwala et al., 1994). Based on our iASPP-PP-1c crystal structure, phosphorylation 

of PP-1c Thr320 would sterically interfere with the packing of this residue into the ASPP SH3 
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binding pocket and would also introduce electrostatic repulsions with iASPP Glu772. Indeed, we 

have previously shown that a phospho-mimetic mutant of PP-1c (PP-1c T311D) destabilizes PP-

1c-ASPP interactions (Skene-Arnold et al., 2013).  

Figure B-3. Four distinct contact surfaces stabilize the iASPP-PP-1c complex.  

(A) Overview of the iASPP608-828-PP-1c structure with the four intermolecular contact 

surfaces boxed and labeled corresponding to the subsequent panels. (B) Details of the SH3-

PxxPxR motif interaction. Key residues from the iASPP SH3 domain that interact with the 

PxxPxR motif are shown as sticks with transparent surfaces. The PxxPxR peptide is shown in 

sticks with C spheres displayed. (C) Details of the SILK-PP-1c interaction. A transparent 

surface is shown for PP-1c with key side chains shown as sticks. The SILK peptide is shown 

in sticks with C spheres displayed. (D) Details of the RARL-PP-1c interaction and ANK-PP-

1c contact. The RARL peptide is shown in sticks with C spheres displayed, while PP-1c is 

displayed with a transparent surface and key contact side chains as sticks. The ASPP2 structure 

(PDB ID: 1YCS) is shown aligned on the iASPP structure with conserved acidic residues in 

the first ANK repeat shown as sticks. (E) Interactions between the iASPP ANK repeats and PP-

1c. Shown are the two iASPP-PP-1c complexes aligned on PP-1c. The fingers from the first 

two ankyrin repeats are labeled F1 and F2 and residues that make intermolecular contacts are 

shown as sticks. Electron density for each of these contact surfaces is shown in Figure B-2. 

 

 

Figure B-73. Conformational flexibility of iASPP-PP-1c revealed by SAXS.  

(A) SEC-SAXS chromatogram with raw scattering trace in grey, the blue dots give the RG values calculated by Guinier 

approximation for each frame, and the orange trace gives the MW as determined by MALS.Figure B-74. Four 

distinct contact surfaces stabilize the iASPP-PP-1c complex.  

(A) Overview of the iASPP608-828-PP-1c structure with the four intermolecular contact 

surfaces boxed and labeled corresponding to the subsequent panels. (B) Details of the SH3-

PxxPxR motif interaction. Key residues from the iASPP SH3 domain that interact with the 

PxxPxR motif are shown as sticks with transparent surfaces. The PxxPxR peptide is shown in 
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The second largest contact surface involves the iASPP 609SVLR612 motif that packs into a 

depression on the PP-1c catalytic domain and buries ~790 Å2 of solvent accessible surface area 

(Figure B-3C and Figure B-2B). This interaction is essentially identical to the interaction of the 

“SILK” motif of inhibitor 2 with PP-1c (Hurley et al., 2007).  Val610 and Leu611 pack into 

hydrophobic pockets in PP-1c while Arg612 makes electrostatic contact with an extensive 

negatively charged PP-1c surface composed of Glu167, Asp166, Glu56, and Glu54.  

The next largest contact surface involves iASPP RVxF-like motif (622RARL625), which 

buries ~600 Å2 of solvent accessible surface area (Figure B-3D and Figure B-2C). As observed in 

other RVXF motif interactions (Bollen et al., 2010), the second and fourth residues of the motif 

(Ala623 and Leu625) form a key part of the interface by binding to hydrophobic pockets on PP-

1c. Further anchoring the interaction are main chain hydrogen bonds between the iASPP RARL 

motif and PP-1c 14. Mutation of Leu625 to Ala significantly weakens the interaction with PP-1c 

in pull-down experiments (Skene-Arnold et al., 2013). In addition, deletion of both the SILK and 

RARL motifs (iASPP626-828), decreases but does not completely abolish iASPP-PP-1c interactions, 

suggesting that these contact sites may not be as important as the PxxPxR-SH3 interaction (Skene-

Arnold et al., 2013). 

The final point of interaction is between the iASPP ANK repeats and PP-1c catalytic 

domain (Figure B-3D and E). The interaction is not as extensive as the other contact surfaces and 

only buries a maximum of ~340 Å2 solvent accessible surface area in the closed complex, less in 

the more open form. The interaction pivots on 1 of the first ANK motif and involves electrostatic 

interactions between PP-1c Arg261 and a conserved negatively charged surface encompassing the 

C-terminus of  1 and N-terminus of  2 (Figure B-3D and E). The pivoting of iASPP allows 

additional contacts between the fingers of the first two iASPP ANK repeats (F1 and F2) and the 

PP-1c catalytic domains (Figure B-3E). These contacts likely limit the degree of closure of the 

complex. While the surface area buried in this interaction is modest, mutation of Arg261 to Ser 

has been shown to significantly reduce ASPP-PP-1c affinity in pull-down assays (Skene-Arnold 

et al., 2013). 
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B.3.3. Flexibility of ASPP-PP-1c complexes revealed by SEC-SAXS 

To characterize the structure and flexibility of ASPP-PP-1c complexes in solution by 

SAXS (Rambo & Tainer, 2013), we applied SAXS to ASPP-PP-1c complexes separated by in-line 

size exclusion chromatography (SEC-SAXS; Figure B-4).  In this method, purified iASPP608-828-

PP-1c or ASPP2905-1128-PP-1c was run on size exclusion chromatography in-line with SAXS 

and multi-angle laser light scattering (MALS). For both samples, the complexes eluted as a single 

asymmetric peak (Figure B-4A and Figure B-5). MALS analysis of this peak suggested a small 

amount of aggregation near the leading edge of the peak, however the mass across the majority of 

the peak corresponded closely to the expected mass of the heterodimer (ASPP2905-1128-PP-1ca 

[MW] [theoretical] = 62.4 kDa; MW [MALLS] = 69.6 ± 0.4 kDa). Automated Guinier calculation 

of the radius of gyration (RG) across the peak revealed a significant decrease in the RG from ~35 

Å at the peak, to ~25-30 Å in the tail (Figure B-4A). Taken together, these data suggest that 

heterodimeric iASPP-PP-1c adopts a mixture of different conformational states that slowly 

interconvert over the time course of the chromatography. Similar results were obtained with 

ASPP2-PP-1c complexes (Figure B-5). 

To further analyze the structure and dynamics of these conformational states, we used the 

program RAW (Hopkins et al., 2017) to deconvolute the scattering data into two separate sets 

representing compact (RG = 31.7 Å; Dmax = 113 Å) and extended (RG = 34.5 Å; Dmax = 121 Å) 

conformational states (Figure B-5). To address whether this scattering data could be explained by 

the iASPP-PP-1c crystal structure, we used a minimal ensemble search (MES) of diverse 

conformational libraries of ASPP-PP-1c ((Pelikan et al., 2009); see Table B-2 details of libraries 

used and the MES procedure). The compact data subset could be fit with a model derived from the 

crystal structure (2 = 3.2; library “crystal”, Figure B-4B, C, Table B-2), and the quality of the fit 

could be improved by allowing flexibility in the docking of the ASPP ANK/SH3 domain against 

PP-1c (2 = 1.7; library 5001, Figure B-4C, Table B-2). The extended data set, however, was only 

poorly approximated by models from these libraries (Figure B-4D, Table B-2), suggesting that 

more extended models would be required to account for this scattering. To allow further flexibility, 

we generated model libraries in which one or more of the RVxF, SILK or PxxPxR peptides were 

released from their respective binding partners. MES analysis using these model libraries for the 

compact data subsets gave ensembles that contained models resembling the crystal structure as
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Figure B-4. Conformational flexibility of iASPP-PP-1c revealed by SAXS.  

(A) SEC-SAXS chromatogram with raw scattering trace in grey, the blue dots give the RG 

values calculated by Guinier approximation for each frame, and the orange trace gives the MW 

as determined by MALS. (B) MES modeling using the 5011 library (based on the open form 

of the iASPP-PP-1c crystal structure). The single model is shown with color coding as shown 

on the left. (C) and (D) Fit of the compact (C) and extended (D) data sets to calculated scattering 

from the MES models derived from the 5011 library (crystal), the 5001 library, and the 

combined libraries. (E) Three model ensembles derived from the combined libraries for the 

compact data set (top panel) and the extended data set (bottom panel). Additional details and a 

comparable analysis of ASPP2-PP-1c and iASPP(621-828)-PP-1c are given in Figures B-5, 6, 

7 and 11 and Tables B-1 and 2. 

 

 

Table B-42. MES analysisof iASP-PP-1c SAXS data.Figure B-120. Conformational 

flexibility of iASPP-PP-1c revealed by SAXS.  

(A) SEC-SAXS chromatogram with raw scattering trace in grey, the blue dots give the RG 
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Figure B-5. SEC-SAXS analysis of iASPP-PP-1c and ASPP2-PP-1c.  

Related to Figure B-4. (A) SEC-SAXS on ASPP2-PP-1c. The grey trace corresponds to the size 

exclusion UV280 trace, the blue dots give the RG values calculated by Guinier approximation for 

each frame, and the orange trace gives the MW as determined by MALLS. (B) Comparison of the 

scattering from iASPP-PP-1c with ASPP2-PP-1c, integrated from peak maximum to ½ maximal 

peak height (pink region in (A)). (C) and (D) RAW deconvolution of scattering into compact and 

extended subsets for iASPP-PP-1c (C) and ASPP2-PP-1c (D). (E) and (F) P(r) plots for RAW 

deconvoluted scattering for iASPP-PP-1c (E) and ASPP2-PP-1c (F). 
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Table B-2. MES analysis of iASPP-PP-1c SAXS data. 
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Table B-3. MES analysis of ASPP2-PP-1c SAXS data. 
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well as more extended conformations (Figure B-4C, E, Table B-2). MES analyses of the extended 

data subsets in contrast yielded ensembles dominated by more extended structures that do not 

resemble the crystal structure (Figure B-4E). Taken together, this analysis indicates that the ASPP-

PP-1c complexes adopt conformations in solution that can sample the compact conformations 

observed in the crystal structure. However, these compact conformations interconvert with more 

extended conformations that may involve release of one or more of the RVxF, SILK or PxxPxR 

contacts. Very similar results were obtained with ASPP2-PP-1c, suggesting that ASPP2-PP-1c 

may exhibit similar conformational flexibility in solution (Figure B-5, 6, Table B-3).  We next 

tested the role of the SILK motif in the conformational dynamics of the iASPP-PP-1c complex. 

We expressed and purified a PP-1c complex containing iASPP(621-828) that lacks the SILK motif 

and analyzed this complex by SEC-SAXS. Similar to the SILK-containing complexes, this 

complex eluted as a single peak containing the heterodimer as assessed by MALS (Figure B-7A).  

Evaluation of the RG across the peak revealed that this sample is in slow conformational 

equilibrium between extended states near the peak to more compact states in the tail. 

Deconvolution of the data and minimal ensemble modeling suggests that the compact forms 

dominating in the tail of the peak correspond to the crystal structure, while the extended 

conformations that dominate near the peak maximum may correspond to states in which either the 

RVxF or PxxPxR motifs have released. Together, these results indicate that while ASPP-PP-1c 

complexes can sample compact conformations that resemble the iASPP-PP-1c crystal structure, in 

solution they exhibit conformational flexibility and populate more highly extended forms that 

likely involve dynamic disengagement of one or more of the discrete contact surfaces.       

 

B.3.4. ASPP proteins modulate PP-1c catalytic activity 

To test the ability of ASPP proteins to regulate PP-1c catalytic activity, we first tested the 

effect of the ASPPs on the activity of PP-1c towards the chemical PP-1c substrate, para-

nitrophenylphosphate (pNPP) (Figure B-8A). pNPP is a small molecule substrate that interacts 

directly with the PP-1c active site and has been used as a valuable research tool for investigating 

the effects on the PP-1c active site upon the binding to regulatory proteins and toxins (Choy et al., 

2014; Ragusa et al., 2010; Shopik et al., 2013).  Both iASPP and ASPP2 were found to increase 

the activity of PP-1c compared to either a BSA control or the PP-1c inhibitory protein, Inhibitor- 
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Figure B-6. MES analysis of ASPP2-PP-1c.  

Related to Figure B-4. (A) MES modeling using the 5011 library (based on the open form of the 

iASPP-PP-1c crystal structure). The three model ensemble is shown superimposed with color 

coding as shown on the left. The percent of each model, RG and 2 are given. (B) and (C) Fit of 

the compact (B) and extended (C) data sets to calculated scattering from the MES models derived 

from the 5011 library (crystal), the 5001 library, and the combined libraries. (D) and (E) Three 

model ensembles derived from the combined libraries for the compact data set (D) and the 

extended data set (E). 
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Figure B-7. SEC-SAXS analysis of iASPP(621-828) lacking the SILK motif bound to PP-1c.  

Related to Figure B-4. (A) SEC-SAXS of iASPP(621-828)-PP-1c. The grey trace corresponds to 

the size exclusion UV280 trace, the blue dots give the RG values calculated by Guinier 

approximation for each frame, the orange trace gives the MW as determined by MALLS. The data 

from the region marked in pink was used for subsequent analyses. (B) Comparison of scattering 

from the iASPP(608-828)-PP-1c complex (contains the SILK motif) with scattering from 

iASPP(621-828)-PP-1c (lacking the SILK motif). (C) RAW deconvolution of iASPP(621-828)-

PP-1c scattering into extended and compact subsets. (D) P(r) plots for RAW deconvoluted 

scattering for iASPP(621-828)-PP-1c. For each trace, the Dmax (left value) and RG (right value) are 

listed. 

 

2 (Figure B-8A). Deletion of the PP-1c C-terminal tail (PP-1c 1-300), which is critical for 

specific interactions with iASPP, effectively blocked the ability of iASPP to enhance PP-1c 

dephosphorylation of pNPP, while mutation of the iASPP RVxF motif (L625A) had little effect  
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Figure B-8. iASPP and ASPP2 enhance the activity of PP-1c towards pNPP and inhibit PP-

1c towards Phosphorylase a.  

(A) PP-1c colorimetric assay using para-nitrophenylphosphate (pNPP) as a substrate for PP-1c. 

PP-1c was incubated alone or in the presence of iASPP608-828, ASPP2905-1128, bovine serum 

albumin (BSA) or Inhibitor-2. Graph depicts the total amount of pNPP substrate left in each sample 

at each time point. Error bars indicate s.d of 3 replicates. (B) PP-1c colorimetric pNPP assay 

comparing the activity of PP-1c WT or PP-1c1-300 alone, or in the presence of WT iASPP608-828, 

or iASPP608-828 L625A mutant. Error bars indicate s.d of 3 replicates. 

 

on the stimulatory activity of iASPP (Figure B-8B). Taken together, these data indicate that the 

specific interactions between ASPP proteins and PP-1c enhance the core catalytic activity of PP-

1c. 

We next addressed the effect of the ASPP proteins on p53 dephosphorylation by PP-1c. 

We set up an in vitro system using purified recombinant proteins to monitor site-specific 

dephosphorylation of p53 (Materials and Methods in section B.5.). We chose to monitor the 

dephosphorylation of p53 on Ser15, a phosphorylation site known to be involved in the regulation 

of p53 activity and previously shown to be dephosphorylated by PP-1c both in vitro and in vivo 

(D. W. C. Li et al., 2006). DNA-dependent protein kinase (DNA-PK), a Ser/Thr kinase that is 

activated upon binding to double-stranded DNA during the cellular response to DNA damage, was 

used to phosphorylate p53 on Ser15, as described previously (Lees-Miller et al., 1992; Soubeyrand 

et al., 2004). Supporting and extending previous results (D. W. C. Li et al., 2006), we found that 

purified PP-1c alone could dephosphorylate p53 phospho-Ser15 over a 45 min time course under 
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our reaction conditions (Figure B-9A and B). The addition of an equivalent amount of iASPP608-

828 or ASPP2905-1128 markedly increased the rate of dephosphorylation. 

In order to identify the molecular interactions between iASPP and PP-1c that are 

important for the ASPP-mediated dephosphorylation of p53, we compared the effect of wild-type 

and mutant iASPP and PP-1c proteins on the dephosphorylation of p53 Ser15 (Figure B-9C-H). 

To test the importance of the iASPP RVxF-like motif (622RARL625), we tested the effect of the 

iASPP L625A mutant on p53 dephosphorylation. This mutation resulted in a moderate reduction 

p53 Ser15 dephosphorylation, compared to WT iASPP (Figure B-9C and D). We also tested the 

importance of the iASPP ANK-PP-1c pivot interaction by creating an iASPP D663R mutant, 

which reverses the charge of a key residue forming an electrostatic contact with residue Arg261 

of PP-1c (Figure B-3E). This mutation exhibited a similar defect in p53 dephosphorylation as 

iASPP L625A (Figure B-9C and D). We next tested the effects of two mutations in the PP-1c C-

terminal tail that is essential for binding to the SH3 domain of ASPP proteins: PP-1c1-300, which 

lacks the entire C-terminal tail, and PP-1c T320D, a mutant that mimics phosphorylation on 

Thr320 that has been associated with PP-1c autoinhibition (Berndt et al., 1997; Dohadwala et al., 

1994; Skene-Arnold et al., 2013). Despite the fact that these mutations have been shown to 

destabilize iASPP-PP-1c interactions (Skene-Arnold et al., 2013), mutation of PP-1c T320D had 

no apparent effect on iASPP-mediated dephosphorylation of p53 and the PP-1c1-300 mutant 

only marginally decreased the dephosphorylation of p53 Ser-15 (Figure B-9E and F). Combining 

either of the PP-1c tail mutations with either of the iASPP mutations further decreased but did 

not abolish the iASPP effect (Figure B-9C-H). Taken together, these data indicate that ASPP 

proteins can facilitate dephosphorylation of a critical phosphosite in p53 in a manner that relies on 

the integrity of multiple contacts between ASPP and PP-1c. 

 

B.3.5. Differential inhibition of p53 DNA binding by ASPP and ASPP-PP-1c complexes 

ASPP2 has long been known to bind the p53 DNA binding domain (DBD) through 

interactions between the ASPP2 SH3 domain and the DNA binding loops of p53 (Gorina & 

Pavletich, 1996; Patel et al., 2008). The ability of the ASPP proteins to specifically bind p53 

suggests that the ASPP proteins could act as a targeting protein, bringing p53 to the vicinity of PP- 
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Figure B-9. iASPP and ASPP2 enhance the dephosphorylation of p53 Ser-15.  

(A) Western blot analysis of in vitro dephosphorylation reactions of DNA-PK phosphorylated 

p532-293 (blotting for phosho-Ser-15) incubated with PP-1c alone (top panel) or in the presence 

of iASPP608-828 (middle panel) or ASPP2905-1128 (lower panel) for 0 to 45 min. The lanes labeled 

“ctrl” contain a sample of p53 where DNA-PK was inhibited with LY294002 for the duration of 

the experiment. The lanes labeled “0” contain no PP1 or ASPP-PP1. (B) Quantification of the 

amount of phosphorylated p53 Ser-15 in each sample relative to the total phospho-Ser-15 in 

control. Error bars indicate s.d. of 4 replicates. 1(C-H) Western blot analyses of in vitro 

dephosphorylation reactions of DNA-PK phosphorylated p53 (blotting for phospho-Ser-15 p53) 

by PP-1c WT (C and D), PP-1c T320D (E and F), or PP-1c1-300 (G and H) in the presence of 

iASPP WT, iASPP L625A, or iASPP D633R, with results quantitated as in (B). Error bars indicate 

s.d. of 3 replicates. 

 

1c for dephosphorylation (Figure B-10A). While the striking similarity of iASPP to ASPP2 

suggests that similar interactions may occur between iASPP and p53 DBD, other studies have 
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indicated that the poly-proline regions in p53 may also bind the iASPP SH3 domain (Ahn et al., 

2009; Bergamaschi et al., 2006). Alignment of iASPP-PP-1c on the ASPP2-p53 structure reveals 

that while the overall p53 binding surface is similar, limited substitutions in the binding interface 

might lead to different binding properties of the two ASPP proteins (Figure B-10B). The fact that 

the p53 DBD can potentially bind either DNA or the ASPP SH3 presents the possibility that these 

interactions could be mutually exclusive.  

To directly test this idea, we used an electrophoretic mobility shift assay to examine the 

effects of either free ASPP or ASPP-PP-1c on the binding of the p53 DBD to a consensus p53 

DNA recognition sequence (Figure B-10C). The results show that the p53-DNA complex is largely 

resistant to challenge by iASPP, and competition is only observed at the highest iASPP 

concentration. In contrast, ASPP2 competes p53 off the DNA at much lower concentrations, 

suggesting that ASPP2 SH3 binds more tightly to the p53 DBD than iASPP. Complex formation 

between either ASPP protein and PP-1c abrogates the p53 inhibitory effect of the ASPP proteins, 

consistent with the idea that the ASPP SH3 peptide binding groove is critical for both p53 and PP-

1c binding. 

 

B.4. Discussion 

Here we present a structural model for interactions between iASPP and PP-1c. Our model 

suggests that interactions between these proteins are stabilized by multiple discrete contacts that 

together constitute a large binding interface that can explain the high affinity of this complex (KD 

~ 26 nM) (Skene-Arnold et al., 2013). These include the docking of the PxxPxR motif of the PP-

1c tail onto the ASPP SH3 domain, docking of iASPP SILK-like and RVxF-like motifs onto the 

PP-1c catalytic domain, as well as docking of the N-terminal iASPP ANK motif against the PP-1c 

catalytic domain. The high degree of sequence conservation within the ASPP family suggest that 

ASPP1/2 may bind PP-1c in a very similar manner, and indeed SAXS analysis indicates that the 

structure and dynamics of the ASPP2-PP-1c complex is similar to iASPP-PP-1c in solution (Figure 

B-5, 6). While this manuscript was under review, Bertran et al. published a paper reporting on the 

crystal structure of the ASPP2-PP-1c complex (Bertran et al., 2019). The structure is very similar 

to the open form of iASPP-PP-1c, except that the ASPP2 construct used by Bertran lacks the SILK 

motif. These authors went on to test the binding affinities of the three ASPP variants with the three  
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Figure B-10. ASPP-PP-1c-p53 interactions and a model for the targeted dephosphorylation 

of p53 by ASPP-PP-1c.  

(A) Interactions between ASPP-PP-1c complexes and p53. Shown is a structural overlay of the 

closed iASPP-PP-1c complex and the ASPP2-p53 DBD complex (PDB ID: 1YCS), aligned on 

their ASPP components. The arrow indicates the proximity of the p53 DBD to the PP-1c active 

site catalytic metal ions (purple spheres). (B) Details of the superposition of the iASPP-PP-1c and 

ASPP2-p53 DBD complex. Shown is the ASPP SH3 domain and C-terminal ANK finger with the 

p53 DBD and PP-1c PxxPxR peptide shown. Key residues involved in intermolecular contacts are 

shown as sticks. (C) EMSA analysis probing the ability of ASPP or ASPP- PP-1c complexes to 

inhibit p53 DBD binding to a PUMA p53 DNA site. Each lane contains 80 nM PUMA. In each 

panel, lanes 2-9 contain 800 nM p53 DBD, and a gradient of ASPP protein or ASPP- PP-1c 

complex at 0, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, and 51.2 M. (D) Model for how a dynamic ASPP-PP-

1c complex could bind and target p53 for dephosphorylation. Left panel – the iASPP-PP-1c 

complex is stabilized by discrete interactions involving the SVLR, RARL and PITPPR peptide 

motifs, resulting in a flexible complex that allows motion of the iASPP ANK/SH3 domain relative 

to the PP-1c catalytic domain. Right panel – dynamic release of the PP-1c PITPPR motif allows 

binding of p53 to the ANK/SH3 domain and dephosphorylation. 
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PP-1c variants. They discovered that while all pair-wise complexes are possible, the binding 

affinities of different pairs can vary by almost 100-fold. ASPP2 showed a significant preference 

for PP-1c, and this selectivity could be attributed to interactions between charged residues 

immediately C-terminal to the PP-1c PxxPxR motif and the ASPP SH3 domain (Bertran et al., 

2019).  

The interactions of the RVxF and ANK repeats of iASPP with PP-1c are reminiscent of 

the interactions with PP-1c of the myosin binding protein and PP-1c regulatory subunit, MYPT1 

(Terrak et al., 2004) (Figure B-1D). The orientation of the N-terminal ANK repeats of MYPT1 are 

similar to the more closed conformation of the iASPP-PP-1c complex in which the fingers of the 

two N-terminal-most ANK repeats contact the PP-1c catalytic domain. MYPT1, however, does 

not contain an SH3 domain but contains additional C-terminal ANK repeats that wrap around the 

PP-1c C-terminal tail, potentially explaining the specificity of MYPT1 for PP-1c (Terrak et al., 

2004)(Figure B-1D). 

Intriguingly, analysis of either iASPP-PP-1c or ASPP2-PP-1c by SEC-SAXS indicates a 

surprising degree of conformational heterogeneity in both of these complexes (Figures B-4, 6, 11). 

Our analysis and structural modeling based on these data suggests that the conformation 

represented by the iASPP-PP-1c crystal structure is in slow exchange with more extended 

conformations under physiological solution conditions. Notably, the more extended conformations 

cannot be fit by simply allowing rigid body movement of the PP-1c catalytic domain relative to 

the iASPP ANK/SH3 domain (Figure B-4D). However, our analysis suggests that these more 

extended states could be accessed through the release of one or more of the contacts involving the 

discrete peptide-domain interactions such as the PxxPxR-SH3 interaction, or the interactions 

between the SILK or RVxF motifs with the PP-1c catalytic domain. Each of these individual 

peptide-domain interactions are expected to be of relatively low affinity compared to the overall 

high affinity of the complex, and are therefore likely to be microscopically dynamic. Indeed, SAXS 

analysis has indicated that a similar dynamic release of SILK and RVxF motifs are involved in the 

formation of a heterotrimeric complex between spinophilin, inhibitor 2 and PP-1c (Dancheck et 

al., 2011). Despite the fact that both spinophilin and inhibitor 2 have been shown to bind to PP-1c 

primarily via a RVxF motif (Hurley et al., 2007; Ragusa et al., 2010), within the heterodimeric 

complex, only the RVxF motif from spinophilin was bound to PP-1c. 
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Figure B-11. MES analysis of iASPP(621-828) lacking the SILK motif bound to PP-1c.  

Related to Figure B-5. (A) MES modeling against the compact iASPP(621-828)-PP-1c data set 

using a library based on the open form of the iASPP-PP-1c crystal structure with the SILK motif 

deleted. The single best fit model is shown with color coding as shown on the left. (B) and (C) Fit 

of the compact (B) and extended (C) data sets to calculated scattering from the MES models 

derived from the crystal structure library, the 7001 library (in which the ASPP and PP-1c domains 

are defined as independent rigid bodies), and the combined libraries, in which the RVxF and 

PxxPxR motifs are allowed to release from their respective binding partners. (D) and (E) Three 

model ensembles derived from the combined libraries for the compact data set (D) and the 

extended data set (E). The percent of each model, RG and 2 are given. 

 



 214 

The work here also has implications for the functional role of the ASPP proteins in the 

regulation of PP-1c activity. We found that ASPP proteins can activate PP-1c catalytic activity 

against the small molecule substrate pNPP as well as the physiologically relevant Ser15 

phosphosite in p53 (Figure B-8, 9). The ASPP proteins, like the MYPT proteins have been 

implicated as PP-1c targeting proteins that might act to recruit specific substrates to PP-1c for 

dephosphorylation (Helps et al., 1995; Llanos et al., 2011; Skene-Arnold et al., 2013). ASPP 

proteins are not only known to specifically bind to p53 using their ANK-SH3 domain (Helps et 

al., 1995; Llanos et al., 2011; Skene-Arnold et al., 2013), but they also can bind to a variety of 

other potential targets. These include NF-kB p65 (Yang, Hori, Sanda, et al., 1999; Yang, Hori, 

Takahashi, et al., 1999), Yes-associated protein YAP (Espanel & Sudol, 2001), and Bcl-2 (Katz et 

al., 2008; Naumovski & Cleary, 1996), many of which may also be regulated by PP-1c (Mui et al., 

2015; Vigneron et al., 2010). While there is no high resolution structural information for these 

other interactions, it is likely that the SH3 peptide binding groove is involved in at least some of 

these complexes. 

Together with our previous binding studies (Skene-Arnold et al., 2013), our crystal 

structure demonstrates that the PxxPxR motif in the PP-1c tail is critical for ASPP-PP-1c complex 

formation. This interaction however occludes the SH3 surface that is critical for binding to the p53 

DNA binding domain, and indeed we show that the binding of PP-1c to ASPP reduces the ability 

of ASPP proteins to inhibit p53 DNA binding (Figure B-10). This finding then raises the question 

as to how ASPP proteins could play a targeting role if their primary target binding surface, the 

SH3 domain, is occluded by PP-1c. Our combined results support the possible dynamic release of 

the SH3 domain by the PxxPxR peptide, as suggested by our SAXS analysis. This dynamic 

interface plasticity might free up the SH3 domain to bind protein targets for dephosphorylation by 

PP-1c (Figure B-10D). The additional flexibility afforded by the transient dissociation of the 

PxxPxR-SH3 interaction may furthermore facilitate dephosphorylation of diverse phosphosites. 

  

 

 



 215 

B.5. Materials and methods  

Purification of ASPP-PP-1c for crystallization and small angle X-ray scattering.  

 iASPP608-828 bacterial pellets from 4 L culture were resuspended in 100 mL lysis Buffer A 

(25 mM Tris, pH 8.0, 500 mM NaCl, 10% glycerol) containing protease inhibitor cocktail (Pierce 

Halt). Cells were lysed with three passes through an Emulsiflex-C3 high pressure homogenizer 

(Avestin). Lysates were clarified by centrifugation at 13000g for 30 minutes at 4 °C. The iASPP 

supernatant was loaded onto a 4 mL pre-equilibrated Ni-NTA sepharose column, followed by 

washing with 150 mL wash buffer 1 (25 mM Tris, pH 8.0, 500 mM NaCl, 10 mM imidazole). 

iASPP-bound Ni-NTA beads were incubated with PP-1cα at 4 °C for 1 hour. The supernatant was 

removed, then the beads were washed with 150 mL wash buffer 1 and 100 mL wash buffer 2 (25 

mM Tris, pH 8.0, 500 mM NaCl, 20 mM imidazole). The iASPP His-tag was removed by on-

column digestion with 300 µL 6 mg/mL GST-3C protease in digestion buffer (25 mM Tris, pH 

8.0, 150 mM NaCl, 2 mM DTT) at 4C overnight.  The cleaved iASPP-PP-1c complex was 

further purified by Q sepharose chromatography with Buffer A (40 mM Tris, pH 8.0, 20 mM NaCl, 

1 mM DTT) and Buffer B (40 mM Tris, pH 8.0, 1 M NaCl, 1 mM DTT). iASPP-PP1c was finally 

purified by size exclusion chromatography using a Superdex 75 16/60 column with Buffer S (25 

mM Tris, pH 8.0, 150 mM NaCl, 1 mM DTT).  The protein complex was exchanged into 

crystallization Buffer C (25 mM Tris, pH 8.0, 100 mM NaCl, 1 mM TCEP, 5% glycerol), 

concentrated to 4 mg/mL. iASPP621-828 and ASPP2905-1128 were purified similarly. 

 

Crystallization and structure determination of iASPP-PP-1c.  

Crystals of iASPP608-828-PP-1c complex were grown by sitting drop vapor diffusion 

with a reservoir solution containing 12-15% PEG6000, 0.1 M sodium citrate, pH 5.3 and were 

improved by seeding by hanging vapor diffusion at room temperature.  

For data crystallographic data collection, iASPP608-828-PP-1c crystals were flash frozen 

in liquid nitrogen with a cryoprotectant (reservoir solution with 30% glycerol). Diffraction data 

were collected on beamline 12.3.1 at the Advanced Light Source and indexed, integrated and 

scaled using HKL2000. Two data sets were collected, exposing different parts of a single crystal. 
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An automated combinatorial algorithm was used to select the range of frames to maximize data 

redundancy while excluding frames suffering from radiation damage. Molecular replacement was 

carried out using PHASER, placing two copies of human PP-1 catalytic subunit (search model 

PDB ID 3EGG, chain A) and two copies of human iASPP607-822 (PDB ID 2VGE). Refinement in 

PHENIX utilized automated non-crystallographic symmetry and reference model restraints 

throughout with the latter being removed for the final refinement round. The PxxPPR, RARL and 

SILK motif regions were sequentially built toward the end of refinement when the difference 

density had improved sufficiently to be confident of placement. Careful analysis of binding modes 

in homologous PxxPPR, RARL and SILK motif complex structures were used to guide sequence 

register and orientation. 

 

Size exclusion chromatography – small angle X-ray scattering (SEC-SAXS) analysis of 

ASPP-PP-1c complexes.  

SEC-SAXS and multi-angle laser light scattering (SEC-MALLS) was performed on 

iASPP608-828-PP-1c, iASPP621-828 and ASPP2905-1128–PP-1c complexes at beamline 12.3.1 at the 

Advanced Light Source (ALS). iASPP-PP-1c and ASPP2-PP-1c samples at either 10 mg/mL and 

15 mg/mL were loaded onto a Shodex KW-803 size exclusion column (Shodex) in 25 mM Tris-

HCl pH 8.0, 150 mM NaCl, 1 mM DTT buffer running at 0.5 mL/min. The column eluant passed 

through a splitter and was simultaneously analyzed for SAXS on the beamline using a PILATUS3 

X 2M detector and MALS using a DAWN detector (Wyatt Technology).  MALS data was analyzed 

using ASTRA VI software (Wyatt Technology) to provide MW information across the eluted peak. 

SAXS data was analyzed with RAW (Hopkins et al., 2017) to derive RG values for individual 3 

sec. frames across the peak using the Guinier approximation.  

RAW was used for deconvolution of iASPP-PP1c and ASPP2-PP1c data into separate 

compact and extended subsets. The range of data selected for the deconvolution extended from the 

peak to ½ maximal peak height in the tail, a region where MALLS indicated the sample only 

contained ASPP-PP-1c heterodimer and not higher order aggregates. Each of these datasets was 

further processed using SCATTER (https://bl1231.als.lbl.gov/scatter/) to determine RG by Guinier 
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analysis for data truncated to q x RG < 1.3 and Dmax by P(r)-distribution plot (Rambo & Tainer, 

2013). 

 

SAXS-based modeling of ASPP-PP-1c structure and dynamics using a minimal ensemble 

search (MES).  

BILBOMD was used to generate model libraries for MES analysis (Pelikan et al., 2009). 

The starting PDB file for BILBOMD was based on the crystal structure with the flexible regions 

of peptide not visualized in the crystal structure modeled using SWISS-MODEL 

(https://swissmodel.expasy.org) and AllosMod-FoXS  

(https://modbase.compbio.ucsf.edu/allosmod-foxs/). Several model sets with different levels of 

flexibility were created. The first library (the 5011 library) was designed to represent the open 

crystal form. In this library, the iASPP ANK-SH3 domain, the PP-1c catalytic domain, as well as 

the RVxF, SILK and PxxPxR peptides of the open crystal form were treated as a single rigid body, 

while the peptide linkers and tails that were not observed in the crystallographic electron density 

were defined as flexible. Library 5013 is analogous to 5011, and uses instead the closed 

conformation observed crystallographically. Library 5001 allowed additional flexibility by 

treating the iASPP ANK-SH3 domain and the PP-1c catalytic domain as independent rigid bodies. 

While these libraries could model the compact datasets generated by RAW, the extended data sets 

were not well fit by models from these libraries. To allow further flexibility to model the extended 

ASPP-PP-1c structures observed in solution, we created several additional model libraries in which 

one or more of the RVxF, SILK or PxxPxR peptides were released from their respective binding 

partners for iASPP608-828 and ASPP905-1128. These model libraries provided much larger degrees of 

flexibility as expressed by the range of RG and Dmax for the models in these libraries. In the 5002 

library, the PxxPxR peptide was released from its interaction with the iASPP SH3, while the RVxF 

and SILK interactions were maintained. In the 5003 library, the SILK interaction was released, 

while the RVxF and PxxPxR contacts were maintained. In the 5004 library, the RVxF interaction 

was released, while the SILK and PxxPxR contacts were maintained. In the final libraries, two of 

the peptide contacts were released, leaving only a single peptide interaction to tether the iASPP 

and PP-1c domains. In library 5005, the two proteins were tethered by the SILK interaction, in 

library 5006, the tether was provided by the RVxF, while in library 5007 the PxxPxR provided the 
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tethering interaction. We also generated library for iASPP621-828-PP-1c which lacks SILK motif on 

iASPP. Library 7001 for iASPP621-828-PP-1c were created with restraints corresponding to library 

5001. In the library 7002, the PxxPxR peptide was released from its interaction with the iASPP 

SH3, while the RVxF interactions were fixed. In the 7003 library, the RVxF contacts with the PP-

1c were released, while the PxxPxR peptide interaction was maintained. MES was performed on 

each of the individual model sets, as well as on all of the model sets combined as previously 

described (Daniel Aceytuno et al., 2017; Hodge et al., 2016; Pelikan et al., 2009). Details of the 

model libraries and the MES results for each of the model pools are given in Table B- for iASPP608-

828-PP-1c and Supplementary Table 2 for ASPP2905-1128-PP-1c. 

 

pNPP Phosphatase Activity Assay (Zhuo et al., 1993).  

Colorimetric phosphatase activity assays using para-nitrophenylphosphate (pNPP) were 

carried out as follows. ASPP2905-1128, WT iASPP608-828, iASPP608-828 L625A mutant, Bovine Serum 

Albumin, and inhibitor-2 proteins were diluted in Buffer L (50 mM Tris-HCl, pH 8.0, 75 mM KCl, 

10 mM NaCl, 10 mM MgCl2, 0.2 mM EGTA, 1 mM MnCl2 and 0.2 % -mercaptoethanol) to a 

final concentration of 500 nM. PP-1c WT and PP-1c 1-300 was diluted in buffer L to 333 nM 

and added together with each regulatory protein in a 96 well plate. The samples were then 

incubated for 10 min and reaction was initiated by addition of pNPP (1.2 mM final concentration). 

Reaction was monitored by absorbance at 405 nm over a 45 min. time course at 37 C. The 

percentage of total pNPP substrate was calculated from the raw absorbance of each reaction at a 

given time point (Abx) and the total absorbance after ~5 hrs (Abtotal) as follows: [(Abtotal – Abx) / 

Abtotal ]. Each experiment was carried out three times in duplicate and the standard deviation is 

shown as error bars. 

 

In Vitro p53 Dephosphorylation Assay by Protein Phosphatase-1c.  

Purified p532-293 (0.5 µg, 940 nM final concentration) was phosphorylated with 75 U of 

DNA-PK (Promega) in DNA-PK kinase buffer (50 mM Tris-HCl, pH 8.0, 75 mM KCl, 10 mM 

NaCl, 10 mM MgCl2, 1 MnCl2 0.2 mM EGTA, 2 mM DTT, 0.5 mM ATP, 10 µg/mL sonicated 
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calf thymus DNA, 0.025% Tween-20) for 90 minutes at 30 C and stopped with 1 mM LY294002 

(Calbiochem). PP-1cα, either alone or combined with ASPP, was pre-incubated at 30 C for 15 

minutes in DNA-PK kinase buffer and dephosphorylation was initiated by addition of 

phosphorylated p53 in a 10 µL reaction volume (final concentrations of 470 nM p532-293, 330 nM 

PP-1cα, 330 nM PP-1cα (T320D), 360 nM PP-1cα1-300, 520 nM iASPP608-828, or 490 nM 

ASPP2905-1128). The dephosphorylation reaction was stopped using 2X SDS-PAGE sample buffer.  

 

Dephosphorylation was detected and quantitated by western blotting.  

p53 samples were separated by 12% SDS-PAGE and transferred onto nitrocellulose using 

a Mini-Blot Module (Biorad). Nitrocellulose blots were first stained with Memcode Reversible 

Protein Stain kit (Pierce Scientific) and then scanned to analyze total amount of protein in each 

dephosphorylation reaction. After removing the reversible stain, blots were blocked using 5 % 

milk in TBST buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, and 0.1 % Tween-20) for 1 hr at 

room temperature. Membranes were then incubated at 4 C overnight (or for 1 hour at room 

temperature) with antibody specific for p53 phosphorylated on Ser-15 (Cell Signaling), diluted to 

1:15000, in 5 % milk in TBST buffer. Membranes were washed with TBST and further incubated 

with a horseradish peroxidase-conjugated  immunoglobin G  secondary antibody (Cell Signaling) 

for 1 hr at room temperature. Blots were developed for 1 min in enhanced chemiluminescence 

solution (ClarityTM Western ECL substrate, Biorad) and exposed to Fuji Medical X-Ray Film 

(Fujifilm). Densitometry for total p53 (stained with Memcode Reversible stain) and phospho-p53 

(western blot) were quantified using Image Studio Light or ImageJ software. The amount of 

phospho-p53 (either p53 phospho-Ser-15) was normalized to the total p53 protein present in each 

sample. Data was evaluated for outliers by calculating the interquartile range (IQR) and data points 

were deemed an outlier if they were greater than 1.5 times the IQR. Data was subjected to a one-

way analysis of variance (ANOVA) and a post hoc Tukey’s test for individual multiple comparison 

(p <0.05). 
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Electrophoretic mobility shift assay.   

Complementary nucleotides, PUMA forward and reverse strands, were annealed in 

annealing buffer (10 mM Tris pH 7.5, 100 mM NaCl, 1 mM EDTA) at 95°C for 2 min and slowly 

cooled to 23oC. Double stranded DNA (final concentration 80 nM) was incubated with p53 DBD 

(residues 94-292, final concentration 800 nM) on ice for 30 minutes. ASPP or ASPP-PP1c 

complex were subsequently added at the concentrations indicated (Figure 6) and incubated on ice 

for 30 minutes. Binding reactions were performed in 40 mM Tris pH 7.5, 150 mM NaCl, 3% 

glycerol. Samples were separated by electrophoresis on 6% (wt/vol) native polyacrylamide gels in 

TBE at 4°C. Gels were visualized by a Typhoon scanner (GE HealthCare). 

SAXS analyses. Goodness of fit (2) of individual models to experimental scattering data 

was calculated using FoXS and these values are reported in Figures B-2, 4, 5, 6 and Tables B-2, 

3. 

pNPP Phosphatase Activity Assay. The percentage of total pNPP substrate was calculated 

from the raw absorbance of each reaction at a given time point (Abx) and the total absorbance after 

~5 hrs (Abtotal) as follows: [(Abtotal – Abx) / Abtotal ]. Each experiment was carried out three 

times in duplicate and the standard deviation is shown as error bars. Results are reported in Figure 

B-8. 

In Vitro p53 Dephosphorylation Assay by Protein Phosphatase-1c. Densitometry for total 

p53 (stained with Memcode Reversible stain) and phospho-p53 (western blot) were quantified 

using Image Studio Light or ImageJ software. The amount of phospho-p53 (either p53 phospho-

Ser-15) was normalized to the total p53 protein present in each sample. Data was evaluated for 

outliers by calculating the interquartile range (IQR) and data points were deemed an outlier if they 

were greater than 1.5 times the IQR. Data was subjected to a one-way analysis of variance 

(ANOVA) and a post hoc Tukey’s test for individual multiple comparison (p <0.05). Results are 

reported in Figure 5. 
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