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ABSTRACT 

 Riboswitches are widespread structured RNA elements that usually occur in 5'-untranslated 

regions (UTRs) of bacterial mRNAs. They directly regulate the expression level of the host gene, 

generally at the level of translation or transcription, in response to cellular factors such as metabolites, 

ions, or signaling molecules. The ability of these cis-regulatory elements to sense ligand stringently and 

to undergo drastic conformational changes is intriguing. Here I present two of my projects dissecting 

two riboswitches that sense S-adenosylmethionine (SAM) and Manganese. 

 I first present our findings on the conformational switching mechanism of the SAM-III 

riboswitch. Though the Ke lab has already described the SAM-binding site of this RNA [1], the 

mechanism by which it switches conformations back and forth between expression “on” and “off” states 

is not understood, and is the goal of my first project. Here we present several structural snapshots SAM-

free intermediate states, including a previously unanticipated structure. Interconversion between these 

conformations was confirmed in solution by collaborators using single-molecule (sm)FRET.  I present a 

model for SAM-III’s conformational switching in which it takes on multiple conformations in the absence 

of SAM and undergoes two distinct levels of conformation selection to converge to a single 

conformation in the presence of SAM. These findings exemplify RNA’s built-in conformational flexibility 

in its function.    

 Many putative riboswitches have been identified bioinformatically, but have unknown ligands. 

Study of these riboswitches has been historically challenging, but offers the greatest reward. In the 

second project presented, I show that one such “orphan”, the widespread yybP-ykoY  [2], is a Mn2+-

responsive riboswitch class. This finding suggests roles for its mostly-uncharacterized regulated genes in 

manganese homeostasis or oxidative stress. Additionally, I present the crystal structure of a 



 
 

transcriptional yybP-ykoy riboswitch and describe its mechanism of discriminating Mn2+ from other 

metals by both geometry and chemical “hardness”. We also find that the structure of an E. coli yybP-

ykoY riboswitch in the absence of Mn2+ displays a destabilized Mn2+ binding region. We further show, via 

the structure of a binding site mutant, that the riboswitch’s metal specificity can be altered. Through 

these and new structures and an ongoing collaboration using single-molecule (sm)FRET, we suggest a 

scheme for the conformation dynamics of this riboswitch. Using the information gleaned from these 

structures, we are also designing fluorescent Mn2+ sensors, based on the Spinach/Broccoli fluorophore-

binding RNA platform [3]. 
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CHAPTER 1: INTRODUCTION 
 

 

 

 

 

In this chapter, I first discuss what riboswitches and their role in physiology (Section 
1.1). Next, in Section 1.2, I discuss the several families of riboswitches that have convergently 
evolved to bind to S-adenosyl-L-methionine (SAM), the most common known target of 
riboswitches. This will relate to Chapter 2, where I present my research on the conformation 
dynamics of the SAM-III riboswitch. This chapter text and associated figures are adapted from 
our review article, “Common themes and differences in SAM recognition among SAM 
riboswitches”, Ian R. Price, Jason C. Grigg, Ailong Ke*, Biochim Biophys Acta. 2014 Oct; 
1839(10): 931–938. Portions of this review were written by Jason Grigg, with significant editing 
help from Ailong Ke. I have expanded Section 1.1 to provide a more general background on 
riboswitches. 
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1.1 Riboswitches are ligand-responsive gene-regulatory RNA elements 

RNA is capable of forming complicated structures, yet this complexity is achieved with a 

rather limited number of building blocks (four nucleotides). Thus, RNA lends itself well to 

situations necessitating multiple possible conformations via alternative base pairing and tertiary 

interactions, a concept elegantly illustrated by riboswitches. These structured regulatory RNA 

elements control gene expression by directly responding to cellular conditions without the 

direct involvement of protein factors. Most known riboswitches bind and sense the 

concentrations of specific small molecule metabolites, though other factors such as 

macromolecules (e.g. tRNA), metal ions, and temperature can be sensed as well. 

Riboswitches are widespread in prokaryotes, especially bacteria, where they are 

estimated to control 2-4% of all genes[4]. Despite riboswitches’ prevalent use in bacteria, so far 

only one class of riboswitch, that which binds to thiamine pyrophosphate (TPP), has been found 

in Eukarya, specifically plants and fungi [5-7]. Riboswitches largely function in cis, usually 

residing in the 5' untranslated regions (5'-UTRs) of the host mRNAs. However, a few examples 

have been adapted to control mRNAs in trans in certain contexts [8]. Riboswitches can regulate 

gene expression by a variety of mechanisms, but the vast majority act at the level of premature 

transcription termination or by obstruction of translation initiation. Other regulatory 

mechanisms demonstrated include the control of mRNA degradation or alternative splicing [9, 

10].  

All riboswitches control expression by choosing or “switching” between different 

conformations, depending on ligand binding. Canonical riboswitches consist of two modular 

domains: an upstream aptamer domain responsible for ligand recognition and a downstream 
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expression platform. The latter can adopt alternate "on" or "off" conformations to influence the 

decision of transcription or translation machinery (Figure 1.1). Ligand binding influences cross-

talking between the two domains, which in turn triggers the expression platform conformation. 

Notably, within riboswitch classes, the aptamer domains tend to be more highly conserved than 

expression platforms. Transcriptional riboswitches commonly form a rho-independent 

transcription terminator helix in the “off” state, leading to premature transcription termination 

(Figure 1.1). Conversely, the “on” state favors read-through by forming an alternate 

“antiterminator” structure. Translational riboswitches generally control initiation by 

sequestering or exposing the Shine-Dalgarno sequence in their “off” or “on” states, respectively.  
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Figure 1.1 Schematics of riboswitch-mediated gene regulatory circuits.  a.) Illustration of a 
typical translational “off” riboswitch. Ligand binding favors a conformation in which the 
ribosome binding site (RBS) (green) is occluded, preventing translation initiation and turning 
expression off. b.) Illustration of a transcriptional “on” riboswitch. Here, the binding of ligand to 
the aptamer domain causes the effector domain (red) to adopt an antiterminator (rather than 
terminator) conformation, thus allowing transcription read-through and turning expression 
“on”.  
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Many riboswitch-regulated genes are involved in transport or biosynthesis/breakdown 

of their target ligand, constituting classic feedback regulatory loops. The ligands for riboswitches 

range from general metabolic indicators (e.g. SAM, amino acids), stress indicators, signaling 

molecules (e.g. c-di-AMP, c-di-GMP[11, 12]), toxic species (e.g. fluoride anion [13], azaaromatics 

[14]), or metal ions (e.g. Mg2+ [15],  Ni2+/Co2+ [16], Mn2+ [17-19]). To date, all characterized 

riboswitches respond to only one ligand (or a set of structurally-related ones). However, 

multiple riboswitches can be present in a single mRNA to integrate multiple inputs, fine-tune 

concentration-dependence, or regulate more than one process, producing rather sophisticated 

logic outputs [20-22]. It is important to note that, due to their modular nature, instances of a 

single family of riboswitches commonly control different sets of genes in different species. 

So far, 20-30 distinct riboswitch families have been experimentally verified. However, 

many more have been predicted bioinformatically using combined comparative genomics 

approaches [2, 23, 24].  Many of the “low-hanging fruit” (that is, riboswitch families that appear 

near well-characterized gene families that readily suggest potential ligands) have been verified. 

However, most of the predicted riboswitch families remain “orphans”, in that the factors they 

respond to are unknown [22]. This is often due to the fact that the genes they control are 

uncharacterized, vary between riboswitch occurrences, or don’t suggest obvious ligands. The 

fact that many of these orphan families are associated with of a variety of uncharacterized 

genes adds value to riboswitch ligand identification, as it can also lead to a greater 

understanding of both novel gene families and the biology of the ligands. For example, recent 

characterizations of riboswitches that respond to cyclic dinucleotide signaling molecules [11, 

12], azaaromatic compounds [14], and transition metals [16, 18], each exposed aspects of 
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biology well beyond the immediate function of the riboswitches.  

1.2 Common themes and differences in SAM recognition among SAM riboswitches 

Abstract 

The recent discovery of short cis-acting RNA elements termed riboswitches has caused a 

paradigm shift in our understanding of genetic regulatory mechanisms. The three distinct 

superfamilies of S-adenosyl-l-methionine (SAM) riboswitches are the most commonly 

found riboswitch classes in nature. These RNAs represent three independent evolutionary 

solutions to achieve specific SAM recognition. This review summarizes research on 1) modes of 

gene regulatory mechanisms, 2) common themes and differences in ligand recognition, and 3) 

ligand-induced conformational dynamics among SAM riboswitch families. The body of work on 

the SAM riboswitch families constitutes a useful primer to the topic of gene regulatory RNAs as 

a whole. This article is part of a Special Issue entitled: Riboswitches. 

1.2.1 SAM riboswitches 

S-adenosyl-L-methionine (SAM) (Figure 1.2) is an important metabolite in all living 

organisms, synthesized from methionine and ATP by SAM synthetase. In addition to being the 

final product of the sulfur synthesis pathway, SAM is also a universal methyl currency inside 

cells. The methyl group attached to the sulfonium ion in SAM is quite labile and can be easily 

transferred to substrates by methyltransferases. Perhaps due to its essential role in cell 

metabolism, SAM is the most common riboswitch effector known. Three evolutionarily distinct 

groups of SAM riboswitches have been identified: the SAM-I superfamily, consisting of the SAM-

I (S-box), SAM-IV, and SAM-I/IV families; the SAM-II superfamily, consisting of SAM-II and SAM-V 

families; and the SAM-III (or SMK-box) family[25].  
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The body of work on the SAM riboswitch families constitutes a useful primer to the topic 

of riboswitches and, to an extent, to structured RNAs as a whole. This review summarizes 

research on 1) modes of gene regulatory mechanisms, 2) common themes and differences in 

ligand recognition, and 3) ligand-induced conformational dynamics among SAM riboswitch 

families.  
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Figure 1.2 S-Adenosylmethionine (SAM). The main “handles” by which riboswitches recognize 
SAM include the adenosine, sulfonium, and methionine tail. The labile methyl attached to the 
sulfonium is essential in many methylation reactions. 
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1.2.2 SAM riboswitch families and their gene regulatory mechanisms 

[A note about terminology: As in Weinberg et al. 2008[26], we refer to each of the 

distinct groups of riboswitches that share clear evolutionary, structural and sequence 

relatedness as a family (e.g. SAM-I family, SAM-IV family, etc.). However, families of riboswitches 

that share similar structural features, but whose evolutionary relatedness is less well-defined, 

are grouped into superfamilies. For example, SAM-II and SAM-V are grouped into the SAM-II 

superfamily.] 

1.2.2.1 The SAM-I superfamily 

The Bacillus subtilis SAM-I (or S-box) riboswitch was the first SAM riboswitch family 

discovered and is one of the best studied. It was identified in the 5' UTRs of sulfur metabolism 

genes that did not have any identifiable protein-binding partners[27, 28]. The SAM-I riboswitch 

family is quite widespread and can be commonly found in low-GC Gram-positive bacteria[29]. 

Different isoforms of SAM-I, each tuned to respond optimally to different SAM concentration 

ranges, can be found within a single species. For example, B. subtilis contains at least eleven 

versions of SAM-I, each tuned to regulate different genes[28, 30].  

The conserved secondary and crystal structures of the B. subtilis yitJ SAM-I are shown in 

Figure 1.3 [31]. SAM-I controls transcription of its target genes at the level of transcription 

termination. When SAM levels are low, formation of a transcription antiterminator stem-loop is 

favored[28], while high SAM levels favor an alternative structure with one of the antiterminator 

strands instead forming part of P1, leading to terminator formation and transcription 

termination. One notable deviation from this mechanism is a branch of SAM-I riboswitches from 

Listeria monocytogenes that act in trans[32]. In this case, the SAM-I aptamer binds to the 5’-



10 
 

UTR of the mRNA encoding the virulence factor PrfA ,inhibiting expression, apparently in a SAM-

independent manner. 

The SAM-IV family of riboswitches was identified in the 5’-UTRs of sulfur metabolism 

genes in Actinomycetales[23]. It shares a number of structural features with SAM-I and can 

therefore be included in the SAM-I superfamily. SAM-IV appears to bind SAM in a similar fashion 

to SAM-I using the same binding-site interactions. However, the scaffolding beneath the binding 

nucleotides differs (Figure 1.3) [26] . SAM-IV aptamers often appear near the translation start 

sites of genes, rather than near potential terminators, suggesting these instances likely regulate 

at the translational level[26]. This, however, remains to be experimentally verified. SAM-I 

riboswitches are more widely distributed than SAM-IV, suggesting that SAM-IV diverged from a 

SAM-I like ancestor, presumably by the loss of P4 and the addition of a new P4 and P5[26]. Due 

to its relatively recent discovery, many specific details of the SAM-IV family remain to be 

experimentally determined.  

A distinct family in the SAM-I superfamily, “SAM-I/IV” was identified more recently from 

metagenome sequences [24] (Figure 1.3). Like SAM-IV, SAM-I/IV forms a pseudoknot between 

its 3’ end and the P3 stem-loop. However, it is missing a bulge in P2, which forms a conserved 

pseudoknot in both SAM-I and -IV [25]. The variation within the SAM-I family demonstrates 

RNA’s ability to vary the peripheral scaffolding while preserving an intact ligand-binding core. 

Additionally, it shows the adaptation of an aptamer to different regulatory roles. 
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Figure 1.3. SAM-I superfamily. a.) Side-by-side comparison of the secondary structures of SAM-
I, SAM-IV, SAM-I/IV riboswitch families[25].  Equivalent helical elements among three families 
are drawn in the same color. Pseudoknot-1 (PK-1) structure is marked by a dashed line. b.) 
Representative SAM-I crystal structure from T. tengcongensis[33]. The RNA is in cartoon 
representation and colored according to panel a. SAM is in CPK representation. c.) Zoomed-in 
view of the SAM binding site in SAM-I riboswitch. SAM (white) forms a base triple with A45 and 
U57.  G58 and G11 interact with the methionine tail of SAM. 
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1.2.2.2 The SAM-II superfamily 

The first SAM-II riboswitches were identified as “metA” motifs in α-Proteobacteria [34]. 

The original discoveries, in Agrobacterium tumefaciens, were found near intrinsic transcription 

terminators; however, other examples (including the crystal structure from a Sargasso Sea 

metagenome sequence) appear to sequester the Shine-Dalgarno sequence (SD) [35]. These 

SAM-II riboswitches are typically short sequences, which allowed the full crystal structure, 

rather than just an aptamer domain, to be determined in complex with SAM [35]. The SAM-II 

structure forms an H-type pseudoknot when SAM is bound (Figure 1.4). The pseudoknot ends 2 

nt upstream from the SD, but this appears to be sufficient to occlude ribosome binding in the 

“off” state. 

The structurally related SAM-V riboswitch is widespread in marine bacteria [21]. Like 

SAM-II, it appears to control expression mainly by SD sequestration. Its predicted binding site is 

very similar to that of SAM-II. However, as is the case for the SAM-I superfamily, SAM-V differs 

from SAM-II in the peripheral region outside the SAM binding site (Figure 1.4). Interestingly, 

examples have been found where SAM-II occurs in tandem with SAM-V to regulate a single 

gene. In these cases, SAM-II lies upstream of a putative transcriptional terminator, suggesting a 

deviant transcriptional rather than translational role [21]. This instance nicely exemplifies the 

common modularity of riboswitch domains. Many details regarding the distribution of SAM-II 

riboswitches and their regulatory mechanisms remain to be discovered. 
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Figure 1.4. SAM-II Superfamily. a) SAM-II and SAM-V consensus secondary structures[21].The 
loops tolerate variability and long insertions. b) metX SAM-II crystal structure from Sargasso Sea 
metagenome[35]. Color scheme matches that in a. c.) SAM-II SAM binding site. The Hoogsteen 
edge of SAM pairs with the Watson-Crick edge of U44 as part of a base triple. The SAM adenine 
also stacks between G22 and A45. The sulfonium experiences favorable electrostatic 
interactions with U11 and U21 and the methionine tail hydrogen bonds with A47. 
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1.2.2.3 The SAM-III family 

Lastly, the SMK-box, or SAM-III riboswitch, is also a translational riboswitch. It was 

discovered in the 5’-UTR of metK (SAM synthetase) in Lactobacillales [36]. The Enterococcus 

faecalis SAM-III riboswitch SAM-bound “off” structure and its conserved secondary structure 

are shown in Figure 1.5[1]. It can be generally described as three helices, at the intersection of 

which is the SAM binding site. Like SAM-II, the SAM-III riboswitch also occludes ribosome 

binding to the SD. However, it is unique in that the SD is directly sequestered as part of the 

SAM-bound “off” state, actually making direct contacts with SAM in the binding site [1]. It is 

also possible that translational riboswitches like SAM-II and SAM-III indirectly affect RNA 

stability, since ribosomes play a protective role by physically blocking access to the RNA by 

nucleases. 
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Figure 1.5. SAM-III family. a.)Secondary structures of the on (SAM-free) and off (SAM-bound) 
states of the E. faecalis SAM-III riboswitch. Of the secondary structure elements, only P3 is 
constant in both the on and off states. Bases involved in off state secondary structure elements 
are colored in both on and off state to emphasize changes. Coloring and numbering 
corresponds to off state crystal structure in B. b) Crystal structure of the SAM-bound E. faecalis 
SAM-III [1]. Coloring matches that in A. c.) SAM binding site in SAM-III. SAM stacks in the 
“binding pocket” between U37 (gold) and G48 (not shown). The adenosine pairs with G7 
(purple) in the back of the pocket.  Oxygens on U37 and G36 (in the SD) interact with the 
sulfonium. 
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1.2.2.4 Undiscovered SAM riboswitch families? 

Many riboswitches, including SAM-II, -IV and -V were originally identified by 

bioinformatic searches [21, 23, 34]. With the availability of large amounts of genomic sequence 

data, covariance search models are a powerful technique for identifying conserved structured 

RNAs[24]. These methods use conservation and the co-variation of bases in predicted structures 

across multiple species to identify significant structured RNAs. It is likely that more SAM-binding 

and other riboswitches remain to be found. At this point, experimental verification and gene 

product characterization are often limiting factors in identifying riboswitches and characterizing 

their effectors[37]. For this reason, many conserved putative riboswitches remain 

“orphans”[24]. Interestingly, as research progresses on riboswitch classes for which some or all 

of the regulated genes are uncharacterized, riboswitches may in turn provide insight into the 

properties of their regulated genes’ products. One recent example is the SAM/SAH-binding 

element, a small putative riboswitch that was identified in a large comparative genomic screen 

and was subsequently shown to bind both SAM and its breakdown product, SAH with similar 

affinity [24]. Further structural and genetic study of this element will provide more definitive 

answers as to its biological function. 

1.2.3. Common themes and differences in SAM recognition among SAM riboswitches 

Recent X-ray crystal structures for representatives from SAM I-III superfamilies have 

provided significant insight into SAM binding by riboswitches [1, 33, 35]. For an excellent class-

by-class review on the structural biology of SAM riboswitches, see Batey 2011 [25]. The three 

SAM riboswitch superfamilies are structurally distinct and their binding mechanisms can 

differentiated by their interactions at three distinct “handles” on the SAM molecule: the 
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adenosyl moiety, the positively charged sulfonium, and the methionine tail, including its amino 

and carboxyl groups. In addition to these chemically distinct handles, SAM itself binds in quite 

different conformations among the characterized classes. The adenosyl moiety mimics a regular 

adenosine residue in mediating stacking, base-pairing and base-triple interactions to the 

riboswitch. Not surprisingly, it is well anchored by all classes of SAM riboswitches; however, the 

specifics of the adenosine recognition differ significantly among the three superfamilies. The 

positively charged sulfonium ion in SAM is recognized by favorable electrostatic contacts, 

usually from uracil carbonyl oxygen atoms, in all SAM riboswitch superfamilies. This conserved 

recognition also forms the basis for ligand discrimination between SAM and its metabolized 

product S-adenosyl-L-homocysteine (SAH). Recognition of the third handle in SAM, the 

methionione tail varies greatly, ranging from strong specification in SAM-I and II superfamilies, 

to little recognition in SAM-III.   

1.2.3.1 SAM recognition by SAM-I 

SAM-I is one of the most extensively characterized riboswitch structures. The X-ray 

crystal structure of the Thermoanaerobacter tengcongensis yitJ SAM-I aptamer domain has 

been determined bound to SAM, SAH and sinefungin [33, 38]; in its ligand-free state[39]; as a 

scaffold for understanding the kink-turn motifs[40, 41]; and in complex with the kink-turn 

binding protein YbxF[42]. In addition, the Bacillus subtilis yitJ SAM-I riboswitch crystal structure 

was determined in complex with SAM [31].  The SAM-I aptamer domain consists two sets of 

coaxially stacked helices (P1/P4 and P2/P3) connected by a 4-way junction, with SAM bound 

between the P1 and P3 helices. Within the binding pocket, SAM is in a compact cis 

conformation with the amino acid tail stacked underneath the adenine ring face[33]. The SAM 
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adenosine and methionine tail moieties are both intimately recognized. The Watson-Crick (WC) 

and Hoogsteen (H) edges of the SAM adenosine are hydrogen (H)-bonded to the A45 sugar 

edge (S) and U57 WC edge, respectively, forming a base triple. The SAM adenosine ring is 

oriented to stack beneath C47, slightly offset. The sulfonium makes favorable electrostatic 

interactions with two uracil carbonyl oxygen atoms from two adjacent A-U pairs (U7 and U88). 

Finally, the amino acid tail forms multiple H-bonds with the G58 S edge and G11 WC edge 

(Figure 1.3c). These extensive contacts envelop the SAM molecule in the binding pocket, leaving 

minimal solvent exposure as compared to the other SAM-riboswitch classes.  

1.2.3.2 SAM recognition by SAM-II 

The much simpler SAM-II class forms a classic H-type pseudoknot and binds SAM in a 

pocket formed between P2 and L1[35]. The dissociation constant for SAM-II is significantly 

higher than SAM-I (weaker binding); however, despite its minimal topology, SAM-II is able to 

achieve similar levels of specificity as SAM-I in distinguishing SAM from its natural analogs[34]. 

SAM is bound in an extended, trans conformation in SAM-II. The adenine moiety of SAM is 

recognized in a base-triple, with its H edge similarly paired with the WC edge of U44, which in 

turn forms a H-WC pair with U10 (Figure 1.4c). In contrast to SAM-I, the adenine WC edge is 

solvent exposed. These interactions orient the SAM adenosine ring to optimally stack between 

G22 and A45. The sulfonium contacts also closely resemble those of its SAM-I counterpart, 

anchored by two highly conserved uracil carbonyl oxygen atoms (U11 and U21) from two 

adjacent A-U pairs. The amino acid tail is anchored by hydrogen bonds to the WC edge of A47.  

1.2.3.3 SAM recognition by SAM-III 
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The SAM-III riboswitch represents yet another independently evolved RNA fold that 

specifically recognizes the SAM molecule. The SAM-binding pocket resides in a three-way 

junction with SAM bound in its syn conformation[1]. The floor of the binding pocket is formed 

by a base triple, C6-

“primed” state[1]. The ceiling of the pocket is formed by a sheared U37-A29 base pair, such 

that the SAM adenosine ring stacks slightly offset between U37 and G48. As in both previously 

discussed SAM riboswitch classes, the SAM adenosine forms part of a base triple with the S-

edge of the absolutely conserved G7 and a hydrogen bond to A38 (Figure 1.5c). SAM-III 

differentiates itself from SAM-I and SAM-II in that the sulfonium is bound by a single carbonyl 

(U37) while the G36 O2’ provides the additional neutralizing bond. In stark contrast to the other 

classes, the amino acid tail in SAM-III is solvent exposed and poorly ordered in the electron 

density, suggesting it not required for recognition. 3.4 Uncharacterized SAM riboswitches 

Additional SAM riboswitch classes (SAM-IV, SAM-V and SAM-I/IV) currently lack a structurally 

determined representative[21, 24, 26]. However, despite the clear peripheral differences in 

these families, their SAM recognition modes are likely represented by examples within their 

superfamilies[21, 26]. The SAM-III riboswitch is distinct from the other two superfamilies, 

suggesting that it potentially represents the only currently characterized member of a third 

superfamily.  

1.2.4. Mechanisms for fine-tuning in ligand recognition 

Several important recent studies have clearly demonstrated that riboswitches are tuned 

across a gradient of activities to control gene expression. Tuning of riboswitch response has 

clearly been demonstrated for the guanine[43], guanine/adenine[44], TPP[45], c-di-GMP 
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riboswitches[45] and PreQ riboswitches[46]. Tuning has even been demonstrated among 

multiple occurrences of the SAM-I riboswitch from a single organism[30]. Tomsic et al.[30] 

examined the 11 SAM-I riboswitches from Bacillus subtilis and determined that their in vitro 

SAM-binding affinity vary in a range of ~250-fold. Notably, the range of affinities generally 

correlated with their in vivo sensitivities to SAM and induction levels, though additional factors, 

such as the strength of alternate structures, were proposed to be crucial to further tuning the 

systems’ responses[30]. For most riboswitches, the mechanism of tuning a response appears to 

be a complex combination of various levels, from the simple variance in affinity of a pre-

organized binding pocket, to control of conformational selection[47]. The folding pathway and 

conformational dynamics of riboswitches is an area of intense study and is a prime means of 

tuning riboswitch response. 

The SAM-I riboswitch samples bound-like conformations in the absence of ligand and 

ligand binding induces final structural compaction[31, 39, 48]. Switching between these 

conformations is a dynamic process and is influenced by peripheral tertiary contacts in the 

riboswitch, but also internal structures, such as the conserved kink-turn motif[49, 50]. Several 

lines of recent evidence demonstrate that the riboswitch undergoes conformational changes 

that resemble conformational capture, but upon ligand binding (and only in the presence of 

Mg2+), its core undergoes further compaction, resembling induced-fit binding [45, 51-54]. 

Clearly there are many factors at play in the dynamic SAM-I riboswitch and variance at any of 

these structural elements could lead to a grading of responses observed in the 11 B. subtilis 

SAM-I riboswitches[30]. 
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The SAM-II and SAM-III riboswitches are also dynamic and tunable switches, but less 

detail exists for their conformational dynamics. SAM-II is stabilized in a near bound state by 

Mg2+, but like SAM-I, it only reaches its final stabilized form in the presence of SAM[55, 56]. 

SAM-III is also a dynamic structure that undergoes large conformational sampling between 

three discrete states: translation “on”, “primed”, and “off” states. Conformational entropy in 

peripheral regions critically influences the thermodynamic balance among three 

conformational states [28]. Using a simplified version of the E. faecalis metK switch, Wilson et 

al.[57] demonstrated that alternate pairing in P1 shifted the equilibrium of SAM-III riboswitches 

sampling the mutually exclusive “on” or “primed” states. Their work further highlighted the 

idea that unwinding and conformational selection, in this case could initiate by local unwinding 

of P1. These findings are in close agreement with recent experimental study[58] and theoretical 

modeling[59] of SAM-III that demonstrate melting of P1 and P4 precedes, P2 and suggested P3 

remains stable throughout switching. These findings shed light on the physical reality of 

conformational switching and ligand binding, but the mechanisms of fine-tuning response to 

suit the required levels of gene expression remain unclear. 

1.2.5.Conformational dynamics of SAM riboswitches 

The ligand-bound states of many known riboswitches are structurally well characterized, 

but ligand-free states and the conformational dynamics governing the on/off switch are often 

poorly understood. Some of the recent challenges in understanding riboswitch dynamics 

include: 1) The structural differences between ligand-bound and free structures; 2) Whether 

ligand recognition occurs by conformation capture, induced-fit, or a combination of these two 

mechanisms; 3) Whether the switch driven by kinetic or thermodynamic control; 4) The 
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interplay with other conditions and processes in cells (e.g. transcription speed, translation). 

Historically, riboswitches have been classified into two broad types, I and II, referring to the 

degree of structural change in the aptamer between ligand-bound and -free states. Type I 

riboswitches have a preformed binding site in the absence of ligand, whereas Type II riboswitch 

aptamers undergo structural rearrangement when bound to ligand.  

1.2.5.1 Conformational dynamics of SAM-I 

A ligand-free crystal structure of the SAM-I riboswitch aptamer domain was published by 

Stoddard et al. in 2010 [39]. This structure was nearly identical to the SAM-bound state (Figure 

1.3), even crystallizing in the same crystal form. However, in the SAM-free structure, the SAM 

binding site was blocked by a base triple with a nearby adenosine (Figure 1.6). This suggests 

that SAM-I forms a binding-competent structure in solution, but that there was some flexibility 

in the binding site.  Further experiments utilized Selective 2’-Hydroxyl Acylation analyzed by 

Primer Extension (SHAPE) and Small-Angle X-ray Scattering (SAXS) to show that in the absence 

of SAM, SAM-I samples a number of both compact (bound-like) and less structured 

conformations in vitro [39, 52]. Particularly, P1 and P3 show increased structural heterogeneity 

in the absence of SAM. This conformational sampling eliminates the possibility of a pure 

“induced-fit” model for SAM-I. Furthermore, the simple “on”/”off” structural dichotomy is 

muddled by the fact that the “on” state is better explained as a population of multiple states, 

some of which are SAM binding-competent. Similarly, other riboswitches have also 

demonstrated conformational heterogeneity in the ligand-free state, suggesting it is a general 

principle of their function [60]. 

The effect of “on” state conformational heterogeneity on SAM-I dynamics is further 
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complicated by the finding that transcriptional riboswitches, like SAM-I, normally function 

under non-equilibrium conditions. The nascent RNA must make its decision co-transcriptionally, 

before RNA polymerase reaches a “decision point”, after which it  has bypassed the terminator 

[61]. Consequently, kinetic, rather than thermodynamic, contributions are crucial to the SAM-I 

decision. For B. subtilis SAM-I, this is supported by the finding that its SAM dissociation constant 

(KD), approximately 4 nM [28], which is much lower than the ~300 µM intracellular SAM 

concentration in B. subtilis [30]. Likewise, the lifetime of the SAM-I/SAM complex is long, at over 

7 min [30], much longer than the time it would take RNA polymerase to reach its decision point. 

Despite this, ~10 µM SAM is sufficient to terminate transcription [62], though it is now known 

that multiple isoforms are tuned to respond differently to given SAM concentrations [57]. If 

SAM-I functioned under equilibrium conditions, it would likely never achieve a SAM-free state 

under physiological concentrations. Thus, the SAM-binding kinetics and folding pathway drive 

its function instead. Similar responses hold true for other transcriptional riboswitches, such as 

the FMN riboswitch [63] and computational predictions of folding rates show that transcription-

attenuating riboswitches typically fold more quickly than those that sequester ribosome binding 

sites [64]. 

A number of studies have sought to dissect the determinants of SAM-I folding and SAM 

recognition [31, 39, 49, 53, 65]. Heppell et al. used single-molecule Fluorescence Resonance 

Energy Transfer (smFRET) to delineate at least 2 steps in the folding and SAM recognition 

pathway[53]. First, initial folding occurs upon Mg2+ binding to the SAM binding-competent 

state[53]. It was estimated that this folding would take on the order of 100 ms [31]. Compared 

to the rate of E. coli RNA polymerase, ~40 nt/s, this allows a window of time after folding for 
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ligand sensing. When SAM initially binds, small-scale rearrangements occur for an overall 

structural compaction. In particular, the B. subtilis yitJ crystal structure showed that J1/2 and 

J3/4 enclose the SAM binding site, via Mg2+ mediated tertiary contacts [31]. Furthermore, gel 

shift and smFRET assays showed that P1 twists upon SAM binding to coaxially stack with P4 [53, 

54]. Together, these interactions may stabilize the SAM-bound state, making it essentially 

irreversible on a co-transcriptional timescale. Given the conformational heterogeneity of P1 and 

P3 before SAM binding and the induced twist in P1 after SAM binding, it can be argued that 

SAM-I incorporates both conformation selection and induced fit mechanisms. If SAM does not 

bind by the time the other half of the anti-terminator helix is transcribed, the folding of the 

anti-terminator (involving a strand of P1) occurs, and RNA polymerase passes the potential 

terminator site. It is important to note that other factors affecting the duration of the folding 

window, such as rate of transcription or the spacing and folding of the expression platform, also 

play key roles in transcriptional riboswitch function. Many of these roles await experimental 

validation. 
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Figure 1.6. SAM-I binding site with and without SAM. When SAM (black) binds, it forms a base 
triple with A45 and U57 (green and red). In the apo state, this interaction is blocked by A46 
(yellow)[39]. 

 
 
 
  



26 
 

1.2.5.2 Conformational dynamics of the SAM-II family 

The SAM-II family of translational riboswitches are governed by quite different 

mechanisms than SAM-I. This is in large part because their ligand-sensing does not rely on 

kinetics to the extent of the transcriptional riboswitches. This is often accompanied by higher KD 

values near the cellular concentration of its response. The A. tumefaciens SAM-II has a KD of ~10 

µM for SAM, similar to the SAM concentration that leads to transcription termination by SAM-I 

in vitro [34, 62]. The KD of the metX SAM-II that was crystallized (from a Sargasso sea 

metagenome sequence) was estimated at ~140-200 nM by 2-AP fluorescence spectroscopy[56], 

though no intracellular SAM concentration data is available for the species.  

Recent studies have provided deeper insight into the folding and switching of SAM-II. 

Using NMR and smFRET, Haller[56] demonstrated conformational heterogeneity of the SAM-

free metX SAM-II, particularly at the 3’ end. These experiments showed that even in the 

absence of SAM, a stem-loop structure samples a pseudoknot (bound-like) state by making 

tertiary interactions between the 3’ strand and the loop. This state sampling is further 

supported by recent SAXS and NMR data[55]. Though the distribution of states depends on the 

concentration of Mg2+, the populations were roughly equal in the smFRET studies performed 

with 2 mM Mg2+ in the absence of SAM[56]. However, the lifetime of the compacted (off) state 

was greatly increased in the presence of SAM, to about 1 s, resulting in the majority of 

molecules in the off state[56].These data suggest SAM-II functions by a conformational capture 

mechanism; however, 2-AP fluorescence experiments showed that further compaction of the 

riboswitch occurs after SAM binding, including in the binding site, in P2a, and further away in 

L3, like SAM-I, pointing to some combination of conformational selection and induced-fit 
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binding[56]. 

1.2.5.3 SAM-III conformational dynamics 

Like SAM-II, the SAM-III riboswitch family controls translation and is thus not 

constrained to act in a short time window. It was thus hypothesized that it could act as a true 

reversible “switch”[66], able to change its state over the mRNA lifetime in response to 

fluctuating SAM concentrations. The SAM-III effective KD is ~0.4-0.5 µM, as determined by filter 

binding assays and Isothermal Titration Calorimetry (ITC), significantly higher than that of SAM-

I[1, 57]. Smith et al. used qRT-PCR to calculate the lifetime of the SAM-III transcript in vivo at 

~3-4 min and demonstrated that the SAM off-rate is within the range of the mRNA lifetime[66]. 

Further, using 2-aminopurine (2-AP) fluorescence studies, they showed reproducible 

conformational switching between “off” and “on” states upon repeated addition and removal 

of SAM within the lifetime of the transcript.  

Several experiments address the question of conformational selection vs. induced fit 

mechanism for SAM-III riboswitches. SHAPE[1], SAXS, and NMR[57] all show that the SAM-free 

SAM-III favors an “on” conformation, but samples an “off”-like or “ready” state. Upon addition 

of saturating SAM, the majority of RNAs exist in an “off” conformation. Constructs designed to 

destabilize the “on” state and stabilize the “ready” state have a much lower KD for SAM (~60 

nM), suggesting that the full-length construct’s apparent KD of 0.4 µM is due to the relative 

stability of the “on” state over the “ready” state in the absence of SAM[57]. Since the SAM 

binding site is not pre-formed in the “on” state, this also supports the prediction that only the 

“ready” state is SAM-binding competent, clearly illustrating conformational selection. SHAPE 

experiments also demonstrate further protection of bases in the SAM binding pocket upon SAM 
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binding, compared to the “ready” state, suggesting some degree of induced-fit mechanism as 

well[1, 58].  

Given the potential for switching during its lifetime, the mechanism of switching is also 

of interest. As seen in Figure 1.5a, the P3 stem-loop is common to all the “on”, “off”, and 

”ready” conformations. However, P1 and P4 in the “off” state are rearranged in the “on” state 

to free the SD and form a different helix, P0. At physiological temperatures, this transition 

happens quickly, in <1 min and temperature-dependent SHAPE suggests a 2-step 

folding/unfolding in SAM binding/release[54, 58]. Similar results were also found by force 

extension curve simulations for the “off” state[67]. The studies suggest a switching mechanism 

in which the off-state tertiary interactions break and SAM dissociates, followed by P1 and P4 

unfolding, then P2 unfolding, allowing formation of P0 to stabilize the “on” state. The exact 

nature of the “on” state, the “ready” state, and any other folding intermediates, remain to be 

structurally determined. Though there is strong evidence for thermodynamic control, the 

effects of transient ribosome binding to the SD or transcription/translation coupling on SAM-III 

remain unclear.  

1.2.6 Conclusions 

SAM riboswitches constitute a significant portion of the research on riboswitches. As the 

largest known group of riboswitches and controlling essential gene expression, they deserve 

continued research. The SAM riboswitch families as a whole exemplify the variability of 

riboswitches, in terms of binding mechanisms, modes gene regulation, and tuning of response. 

These themes, including the modularity of riboswitch domains, are common to most riboswitch 

families. In addition, these mechanisms and conformational dynamics help in the 
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understanding of RNA structure in general. As research continues, the number of potential 

discoveries and applications may continue to grow. 
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CHAPTER 2: CONFORMATION DYNAMICS OF THE SAM-III RIBOSWITCH 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Disclaimer:  

This chapter was adapted from the current draft of our manuscript of working title 
“Conformation dynamics of the SAM-III riboswitch revealed by combined crystallography and 
smFRET”, which is in preparation to be submitted for publication soon. As mentioned in the 
“Author contributions” section: The work on the “ON” state, including the crystal structure and 
mutational analysis, was performed by Dr. Jason Grigg in the Ke lab. The “ready” state crystal 
structure was performed by me. The smFRET experiments were performed by Dr. Danya 
Martell in Dr. Peng Chen’s lab in the Department of Chemistry and Chemical Biology at Cornell 
University, with experimental design by Dr. Ke and me.  
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2.1 Abstract 

Riboswitches regulate gene expression in a ligand-dependent fashion. Structures have 

been determined for many riboswitch families in their ligand-bound states, revealing 

mechanisms of ligand binding.  However, to learn how regulation is achieved on a molecular 

level, it is also of interest to study the associated conformational dynamics of riboswitches, to 

determine the states they take and what features affect switching. This is usually defined in low 

resolution, from biochemical measurements. Here we present structure snapshots of the 

Enterococcus faecalis SAM-III translational riboswitch in in several alternatively base-paired 

ligand-free “on” and binding-“primed” intermediate states.  

The SAM-free “primed”-state, with a similar secondary structure to the bound state, 

exists in two distinct tertiary conformations in the crystal. One conformer is capable of binding 

to SAM with minor local adjustment at the binding pocket, whereas the other unpredicted 

conformer takes on a new conformation, with a completely switched-off binding pocket due to 

domain rotations. Single-molecule FRET experiments further support the coexistence of 

multiple “primed” conformers which converge to the OFF-state conformation upon addition of 

SAM.  

Additionally, the ligand-free “on”-state structure, combined with mutagenesis 

experiments, revealed the presence of an unanticipated stabilizing helix (P0.5) that nucleates 

“switching” of states. Together, these observations reveal nuanced conformation dynamics for 

the SAM-III RNA.  We propose a “multi-tiered conformation selection and induced fit” scheme 

for regulation by SAM.  
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Figure 2.1. The E. faecalis SMK-box riboswitch. a) Full-length ON and OFF secondary structures. 
b) OFF crystal structure (PDBID: 3E5C). 
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2.2 Introduction 

Riboswitches are structured cis-regulatory RNA elements generally located in the 5’ 

untranslated regions of mRNAs in prokaryotes [68]. They generally regulate the expression 

levels of associated genes or regulons in response to changing concentrations of specific 

ligands, enabling bacteria to respond quickly to changing conditions[69].  

Riboswitches typically consist of two domains: a ligand-binding “aptamer domain”, and 

an “expression platform” that affects expression in response to the ligand-binding state. 

Riboswitches typically regulate gene expression through premature transcription termination 

or repression of translation initiation. In translational riboswitches, for example, the expression 

platform outputs translational ON or OFF states by exposure or sequestration of the ribosome-

binding Shine-Dalgarno sequence (SD) (Figure 2.1a).  

Based on their behavior, riboswitches have been grouped into two classes. Class I 

riboswitches have pre-formed binding pockets in their aptamer domains, which undergo 

minimal structural change upon ligand binding. Class II riboswitches, such as the SAM-III family 

studied here, have more distinct conformations in ligand-bound and free forms, often involving 

unfolding of part of the aptamer (as in Figure 2.1a).  Riboswitch ON/OFF decisions can be 

kinetically or thermodynamically controlled [70], and the conformational transition often 

traverses through a higher energy Primed-state, and governed by conformation selection 

and/or induced fit mechanisms [71]..  

The molecular structures of riboswitches, if determined, are largely known only in their 

ligand-bound states [72].Ligand-free states are much harder to study due to their 

conformational flexibility and heterogeneity. The ligand-free aptamer domain structures have 
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been determined, to our knowledge, for the THF [73], PreQ1 [60], FMN [74], S-box (SAM I) [39], 

glycine [75], lysine [76, 77], and Mn2+ riboswitches [18]. These structures are invariably similar 

in overall shape to their ligand-bound conformations, with the exception of local 

conformational changes around the ligand-binding pocket, since they represent either Class I 

riboswitches or Class II riboswitches stabilized in Primed bound-like states. In order to better 

understand how riboswitches regulate (that is, the conformations adopted, how they affect 

regulation, and what features of the riboswitch govern them), it is necessary to probe 

conformations more distinct from the ligand-bound states. Biochemical and biophysical 

techniques such as chemical probing, FRET, and others have been successfully used to offer 

glimpses into riboswitch regulation, but are generally of limited resolution.  

Here we used the SAM-III (SMK-box) riboswitch as a model for riboswitch conformation 

dynamics. It is a Class II translational riboswitch found in Lactobacillales (Figure 2.1a) [36, 78]. It 

binds to S-adenosyl-L-methionine (SAM), a key coenzyme in methyl group transferase 

reactions, and switches off translation of the metK SAM synthetase mRNA. Five distinct SAM-

sensing riboswitch families have been discovered to date [25]. Crystal structures are currently 

available for SAM-I [31, 33, 39], SAM-II [35], SMK-box (or SAM-III) [1], and SAM-I/IV [79] classes. 

These revealed diverse structures that convergently evolved for SAM binding. Notably, SAM’s 

adenosyl and sulfonium groups are recognized by each of these riboswitch classes.  The 

Enterococcus faecalis SAM-III “off” state is stabilized by SAM binding at a 3-way junction (Figure 

2.1b) [1, 58]. Its SAM-bound structure showed that the SD is directly involved in SAM binding 

and is therefore part of both the aptamer and the expression platform[1]. E. faecalis SMK binds 

SAM with a Kd of ~0.9 µM [58, 66] and  can reversibly respond to changing SAM concentrations 
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throughout the measured lifetime of its mRNA, meaning its regulation is likely determined by 

largely thermodynamic, rather than kinetic, parameters [66].  

Besides the crystallographically defined OFF-state, two other conformational states had 

been inferred for SAM-III using a combination of RNA secondary structure prediction, chemical 

probing, SAXS, and NMR [57, 58] (Figure 2.1). In the absence of SAM, the “ON” state, with a 

distinct secondary structure, is the energetically preferred conformation. However, a small 

population samples the alternatively base-paired “primed”-state, inferred by the presence of an 

“off”-like secondary structure in the absence of SAM. Unlike the “on” state, the “primed” state 

is SAM-binding competent and binding can drive it to the lower-energy OFF form. The Primed 

state sampling in the absence of SAM suggests SAM binding occurs by a conformation selection 

mechanism. It can be stabilized by either removing the P0 helix to isolate the aptamer domain 

[1, 57] or by extending the P4 helix [58]. However, the structural details of the “ON” and Primed 

forms and the interactions involved in switching, stabilization, and tuning of the balance 

between states are unclear. In this work, we extend our understanding of the SAM-III 

riboswitch’s conformational dynamics, primarily by the X-ray crystallography of SAM-free 

Primed and ON states.  

The Primed state crystal structure for the SAM-III riboswitch contains the same 

secondary structural elements as the OFF state, without SAM bound. Fortuitously, the crystal 

structure contained two molecules in the asymmetric unit with quite different conformations. 

One of these conformers is similar to the previously-determined OFF state outside of the 

binding pocket and can be further stabilized by SAM-binding, while the other conformer lacks 

the SAM binding sites due to large rotation of helices and altered helical stackings. Single-
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molecule fluorescence resonance energy transfer (smFRET) experiments confirmed the 

existence of both tertiary conformations observed in the Primed crystal structure in the 

absence of SAM, and both converge to an OFF structure upon SAM addition.  

The ON structure represents the first riboswitch crystal structure in an equilibrium, 

ligand-free state that dramatically differs from its ligand-bound secondary structure (that is, of 

a Class II riboswitch). Further, this X-ray crystal structure allowed us to identify several key 

contacts that stabilize the “on”-state. Through subsequent mutagenesis, chemical probing, and 

sequence alignments, we demonstrate that a key, conserved element, termed the anti-anti-SD, 

is required to tune the SMK box riboswitch conformational equilibrium by formation of a 

previously-unpredicted helix in the “on” state. 

Together with the previously-published SAM-bound structure [1], these observations 

lead us to one of the most completely described transitions of any riboswitch at high resolution, 

to date. These data have enabled us to more accurately describe the SAM-III conformation 

dynamics as a “multi-tiered conformation selection and induced-fit mechanism”. In addition to 

providing details of the SAM-binding mechanism and conformational dynamics, these findings 

exemplify the functional role of multiple alternate conformations, which is emerging as a 

general theme for RNAs [80].  

2.3 Results 

Primed state crystal structure reveals multiple conformations 

In order to determine the mechanisms of OFF state stabilization by SAM binding, we 

attempted to crystallize Primed conformations. Multiple constructs were designed to favor the 

Primed secondary structure in the absence of SAM (Figure 2.2a). This included removal of the 
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leader sequence, which is only involved in the ON structure, and replacement of the highly 

variable L3 and L4 loop regions with GAAA tetraloops. The base of the P1 helix was replaced 

with two G-C bp to increase expression by T7 RNA polymerase. Lengths of helices were varied 

between constructs to sample potential crystal contacts. The construct that was ultimately 

successful for structure determination contains a 2-bp extension at the end of P4 compared to 

the E. faecalis wildtype structure and the previous OFF crystal construct [1]. Though this region 

affects the relative stability of the Primed/OFF secondary structure [58], it is highly variable 

between species [36] so we expect it does not play a direct role in SAM recognition. 

Interestingly, the 2.7 Å Primed crystal structure revealed two new conformations in the 

asymmetric unit of the same crystal, here called conformations “A” and “B” (Figure 2.2b). 

Notably, initial attempts at molecular replacement using the OFF structure model were 

unsuccessful, possibly due to the various structural differences in both molecules, and 

experimental phasing using iridium hexamine was necessary. Both conformations contained the 

same OFF/Primed Watson-Crick base pairing; however, the tertiary structures were drastically 

different. The overall fold of molecule “A” was similar to the OFF state, except that the angle 

between the P1 and the P2/P3 helical axes was shifted ~10° (Figure 2.3a). Local differences 

between the Primed “A” SAM binding region (Figure 2.2c, left) and that of the OFF structure are 

observed. These include an inward shift of the J3/2 U-bulge and G26, which formed a non-WC 

bp with the SAM adenosine in the OFF state. U72 stabilizes the SAM adenosine by pi-stacking in 

the OFF state, but is moved away from the binding pocket in molecule “A”.  

Molecule “B” (Figure 2.2b) was significantly different than “A”. P1 (red) and P4 (green) 

coaxially stacked with each other, rather than P4 stacking with P2/P3 (black), as observed in 
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both “A” and the OFF structure [1]. Most strikingly, P1 and P4 are also rotated almost 180° 

about the P2/P3 axis in “B” relative to their position in “A”.  In addition to the P1/P4 stacking, a 

number of unique stabilizing interactions were observed in “B” (Figure 2.2d). A new base 

stacking and pairing scheme is adopted near the SAM binding site, forming a new “bulge” from 

G71 to A74. U72, A73, and A27continue the column of base stacking from P2. G71 forms a trans 

sugar edge-Hoogsteen edge interaction with A27.  A74 base stacks with the binding site G26 

and U65 of the U-bulge. The dramatically different Molecule “B” in the crystal was was 

surprising and could have been aided by crystal contacts, including several GAAA tetraloop-

major groove interactions and P1-P1 coaxial stacking (Figure 2.4). However, the extent of the 

interactions within “B” led us to suspect that it may be a functional state in the conformation 

dynamics of this riboswitch. 
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Legend for Figure 2.2. SAM-III “Primed” state crystal structure.  A. Primed crystal construct 
secondary structure. Numbering is according to the full-length wild-type sequence. Variations 
from the wildtype sequence are shown in gray. B.  Two Primed conformations (“A” and “B”) of 
the SMK riboswitch found in the same crystal structure aligned relative to their P2/P3 helices.  
“A” is overall similar to the “OFF” structure, except for a ~10° clockwise rotation of the P2/P3 
helix (black) relative to the P1-P4 axis (red and green, respectively) and local changes in the 
SAM binding pocket. In molecule “B”,  P1 and P4 coaxially stack, instead of P4 and P2/P3. 
Additionally, the U-bulge (blue) is shift farther from the three-way junction. P2 and the binding 
pocket are disrupted and a new base stacking and pairing scheme is adopted, forming another 
“bulge” (orange arrow). C. Empty SAM binding pocket and local changes upon binding. In the 
structure, electron density shows  SAM (magenta) binding in pocket. Local changes in binding 
pocket bring key bases into position: U-Bulge (blue) moves out. U72 (cyan) moves inward and 
stacks with SAM adenosine. G26 (orange) moves to base pair with SAM adenosine.  Overall 
change in orientation between P2/P3 (black) and P1/P4 (red and green, respectively) is shown 
in Figure 2.3a. D. Interactions stabilizing molecule “B” in Primed crystal structure. Region 
magnified is indicated by the orange arrow in B. U72, A73, and A27 (all maroon) base stack, 
while G71 (green) experiences a trans sugar edge-Hoogsteen edge interaction with A27. A74 
(orange) base stacks with the binding site G26 (blue) and U32 in the U-bulge (pink). Except for 
the G71-A27 interaction, these are not observed in “A”.  
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 Figure 2.2. SAM-III “Primed” state crystal structure.   
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Figure 2.3. Conformation “A” is similar to the OFF state. A. Overall structural differences 
between the Primed SAM-free molecule “A” (cyan) and the molecule “A” after SAM soaking 
(orange).  These structures are aligned by P1, P4, and the binding site. The ~10° rotation of 
P2/P2 relative to P1 and P4 is most evident on right. B. Overlay of SAM-soaked Primed  (green) 
and previously-determined OFF (red) structures. 
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Figure 2.4. SAM-soaked “Primed” structure overall electron density maps and crystal 
contacts. Map level=1.5 σ. “A” molecules are shown in red, “B” in cyan. 
A: Right: conformation “A”. Crystal contacts include P1 base stacking with “B” P1 base (1), P4 
tetraloop stacks with two neighboring “B” molecules (2), and P3 interaction with a neighboring 
“A” P1 (3) and “B” P3 (4). Left: electron density for SAM (purple) is clearly seen (green). 
B: Conformation “B”. Crystal contacts include P3 tetraloop interaction with a neighboring “B” 
P2/P3 major groove (1), a stacking interaction with the bottom of P1 with molecule “A” P1 (2), 
P4 tetraloop interaction with a neighboring “B” P2 (3), and two stacking interactions with “A” 
P4s (4, 5), and an interaction of P1 with “A” P3 tetraloop.  
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Table 2.1. Crystallographic statistics table.  
  

a

Values in parentheses represent data for the highest resolution shell, unless indicated otherwise. 
-Missing values indicate datasets that either were not used for refinement, or for which a finalized 
structure has not yet been prepared for PDB deposition. 
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Only Molecule “A” is able to bind SAM 

The presence of two Primed conformations in the same crystal led us hypothesize that 

there may be multiple Primed state conformations sampled for SAM binding. To test this, 0.5 

mM SAM was soaked into Primed crystals before collecting data, in order to assess SAM 

binding. SAM was only observed in the “A” molecule (Figure 2.2c, right).  Electron density is 

clearly seen for the SAM adenosine and ribose moieties (Figure 2.4a). The methionine tail is 

more flexible and its electron density poorly defined, as was previously observed in the OFF 

structure. The SAM-soaked “A” molecules almost exactly match the previous OFF structure 

(Figure 2.3b), including a ~10° shift in P2/P3 back to the previous orientation and a loss of the 

local SAM binding site differences described above. Importantly, unlike “A”, molecule “B” 

showed no structural changes or observable electron density for SAM after soaking. This finding 

suggest SAM binding follows an induced-fit mechanism, due to the observed changes in “A” 

upon binding, and that a multi-tiered conformation selection directs the selection of “A” over 

“B”. 

smFRET on a Primed secondary structure construct confirms multiple conformations 

The presence of a Primed structure has been previously shown in solution [57, 58]. 

However, the observation of multiple and distinct Primed tertiary structures is unprecedented. 

To study the existence and dynamics of the multiple Primed tertiary states in solution, we 

performed smFRET experiments on a Primed SMK construct. For these experiments, we 

exploited the observed P3-L4 distance difference between the “A” and “B” molecules. A doubly 

labeled riboswitch was designed in which a donor fluorophore (Cy3) was attached to G37 in P3 

and an acceptor fluorophore (Cy5) was inserted in the L4 tetraloop (Figure 2.5a). A biotin tag 
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was attached to the 5’ end of P1 for surface attachment. Based on the Primed crystal structure 

and taking into account the shorter P4 of the smFRET construct, the distances between the 

phosphates to which the fluorophores are attached would be approximately 4.5 nm in 

conformation “B” and 5.5 nm for “A”. The actual donor-acceptor (D-A) distances in the 

construct would be different due to the lengths of the linkers, the sizes of the fluorophores, and 

the probable disruption of the P4 GAAA tetraloop by Cy5 insertion. 

In experiments without SAM, we observed four slowly interconverting states (Figure 

2.5b,c, Figure 2.6).  The estimated D-A anchor-to-anchor distances for these states were 6.34, 

5.4, 4.6, and 3.6 nm on the basis of prior experimental calibration of EFRET values [81]. This 

observation of multiple states agrees with our crystallographic observations. In the presence of 

0.5 mM SAM (well above saturation), the molecules completely converged to the two 

conformations with the longest D-A distances from the SAM-free data (E1 and E2, Figure 2.7b,c), 

suggesting that these are stabilized by SAM binding. This recapitulates the result of SAM 

crystal-soaking experiment, which revealed that only the longer P3-L4 distance conformation 

(“A”) is bound by SAM. The concomitant disappearance of the shorter D-A states (E3 and E4) 

agrees with a mechanism of conformation capture from various states with the Primed 

secondary structure.  

The presence of four SAM-free Primed states and two in the presence of SAM was 

puzzling. We considered that one of the states may represent an inactive or permanently 

misfolded population. However, in the absence of SAM, interconversion between all four of the 

EFRET states was observed, which  suggests that this is not the case (Figure 2.6). We interpret E1 

and E2 as representing OFF, SAM-bound states. The difference in D-A distance between them 
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could suggest that there are two functional OFF states or could reflect different orientations of 

the fluorophore tags and linkers. Likewise, E3 and E4 likely correspond to “B”-like 

conformations, as the distances are similar. However, it’s possible one of them represents an 

additional Primed state. Additionally, the width of the peaks for all observed states suggests 

that they are somewhat flexible in solution.   

 The relatively slow rates observed in smFRET could reflect physiological slow transitions. 

The differential coaxial stacking between “A” and “B” could attribute to an energetic barrier 

between them. However, cellular conditions are likely to favor faster transitions in vivo than 

observed here. Due to limitations of the instrumentation, these experiments were performed 

at ambient temperature (25° C), rather than at the E. faecalis physiological temperature of 37° 

C and the cellular divalent metal ion concentration may vary from the 2.5 mM Mg2+ used here.  

 Taken together, these smFRET experiments support the existence in solution of both 

SAM binding-competent (“A”) and SAM binding-incompetent (“B”) Primed conformations, 

which interconvert in the absence of SAM and converge to “A” when SAM concentrations rise.  
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Figure 2.5. smFRET on SAM-III PRIMED state. a) Bimolecular smFRET construct. b) Histograms 
showing EFRET states with 0 (top) and 0.5 mM SAM. Analysis of this data is shown in c). 
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Figure 2.6. Kinetic schemes for the Primed smFRET construct in the absence (a) and presence 
(b) of SAM. 
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SAM-III riboswitch ON-state structure 

To understand the structural features stabilizing the ligand-free SMK-box riboswitch ON 

state, several modifications were introduced to create a minimal functional unit for 

crystallization. The modifications were influenced by the previously described OFF-state 

structure [1], chemical probing of the full-length ON-state structure, and secondary structure 

predictions using the Mfold webserver [82]. Numerous constructs were designed and screened 

for crystallization, with the best crystals obtained from a version with an engineered P3 helix 

and a P0 helix shortened by one bp (Figure 2.7a). Two bps at the base of P0 were replaced with 

G-C pairs to increase in vitro transcription levels. This minimal construct is expected to achieve 

key wild-type structural features, since P3 is constant in both the ON- and OFF-states, extends 

away from the switch region (Figure 2.1), and modifications to P3 do not significantly affect SMK 

function in vivo [1, 57]. In total, the 73-nt SMK-ON structure was shortened to a 47-nt construct 

(SMK-ON47) and the crystal structure was determined to 3.6 Å resolution, with all predicted 

structural features clearly defined in the initial experimental electron density maps (Figure 2.8). 

SMK-ON47 forms an overall L-shaped structure with an unanticipated three-way junction of 

helices P0, P3, and a short stem-loop that incorporates the anti-SD into its 5’ half, here termed 

P0.5 (Figure 2.7b,c). The long P0 and P3 helices extend from a ~95° bend. Helix P0 is formed by 

seven Watson-Crick bps (14-20 and 68-74), with the potential G13-C75 pair from one molecule 

in the asymmetric unit (molecule “A”) splayed open to form a crystal contact with the same 

region in a symmetrically related molecule B (Figure 2.9). The P0 helix is extended by a 

hydrogen bond between U21 O4 and C67 N4. Helix P3 extends from the other side of the bend 

as a truncated 5-bp stem capped by a GAAA tetraloop, as in the OFF-structure [1]. This 



 51 

tetraloop facilitated crystallization by forming an extensive kissing-loop crystal contact with the 

same region in the other molecule of the asymmetric unit (Figure 2.10). The kissing-loop is 

composed of four layers of stacked base triples (numbered according to the P3 annotation in 

Fig. 4a): G4A•C9A-A6B, G5A-A8A-A7B, G5B-A8B-A7A and G4B•C9B-A6A. Superposition of Chain 

A and Chain B in the asymmetric unit revealed only subtle rotational differences between the 

two (Figure 2.11).  

The previously unobserved stem-loop (P0.5) forms a 3-way junction with P0 and P3 at 

the L bend (Figures 2.1, 2.7). Above the P0 helix, U21-U22 form a tight turn, leading directly into 

the P0.5 3-bp stem capped by a 5-nt loop (U22-A32). The stem-loop originates on the inner 

~95° angle side of the L-shape and wraps over the ~265° angle side (Figure 2.7b,c). The P0.5 

region has previously been predicted to form a single stranded stretch, but reexamination of 

previous chemical probing experiments suggested that it is order in solution [58]. Secondary 

structure predictions using Mfold predicted it could form a 2-bp stem, capped by a GAAA 

tetraloop [82]. Instead, it appears the stem is shifted upstream by 1 nt to form a 3-bp WC stem 

with a 5-nt loop (Figure 2.7d). The loop is largely unpaired, excluding a hydrogen bond between 

C25 O2 and A29 N6. The 3’ side of the stem extends essentially continuously from P3 to the top 

of the loop with the major groove side of the P0.5 helix (A28 OP2) in close vicinity to A64, on 

the opposite strand at the bend. Opposite helix P0.5, the interior of the L-shape is stabilized by 

a cis Watson-Crick/Hoogsteen pair between G63 and G66 (Figure 2.2e). A64 and U65 are looped 

out of the interaction and form a symmetry crystal contact, but are located such that they could 

be important for stabilizing P0.5 in solution. Further, A64 and U65 stack with G66 to resemble a 

single-stranded continuation of helix P0. The 5-nt loop (C25-A29) forms a crystal contact, so it is 
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possible that the SMK-ON47 crystal structure is a stabilized snapshot of a dynamic structure. The 

concerted effect of features on both strands of the bend appears to be stabilization of the ~95° 

angle, suggesting this overall architecture plays some functional role in SMK-ON. Interestingly, 

the 5’ side of the P0.5 stem-loop is formed from bases in the anti-SD, suggesting that the 3’ side 

of the helix may be an essential anti-anti-SD sequence. To test this hypothesis, several nts in the 

stem-loop were targeted for mutagenesis and their solution structure was analyzed by chemical 

probing.  
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Figure 2.7. “SMK-ON” crystal structure. A. SMK-ON47 secondary structure. Numbering 
corresponds to the full-length sequence with the modified P3 helix identified by the prefix “P3”. 
b,c) overall structure. d) P0.5 stem-loop. d)  
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Figure 2.8. Experimental electron density maps for SMK-ON47. Maps were determined using 
Phenix Autosol, following density modification. Experimental maps to 4.25 Å are shown as blue 
mesh contoured at 1.0 s. (a) and (b) contents of the asymmetric unit. (c) Close-up of the 3-bp 
stem loop.  
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Figure 2.9 SMK-ON crystal contact.  
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Figure 2.10. SMK-ON kissing-loop crystal contact. The kissing-loop is composed of four layers 
of stacked base triples (numbered according to the P3 annotation in Figure 2.7a): G4A•C9A-
A6B, G5A-A8A-A7B, G5B-A8B-A7A and G4B•C9B-A6A.   
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Figure 2.11. Superposition of the two molecules in the ON state asymmetric unit. 
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Mutagenesis reveals structures required for ON/Primed conformational selection  

The ON and OFF-state structures were used to identify key bases that could be required 

for controlling conformational selection. Mutants were designed in the full-length SMK box 

riboswitch (SMK82) and analyzed by selective 2’-hydroxyl acylation analyzed by primer extension 

(SHAPE). SHAPE profiles for SMK82 in the ON-, Primed-, and OFF-states were previously 

established [58], providing a rapid means to identify the predominant equilibrium structure for 

each SMK box riboswitch variant. (Gel shown in Figure 2.12a; see Figure 2.13 for fragment 

analysis). SAM binding to wild-type SMK82 induces increased reactivity in the leader and 

decreased reactivity in the Stem-loop, U-bulge, SAM-site and SD regions (Figure 2.12a). The 

Δ13-19 deletion removes the leader and was previously shown to stabilize a pseudo Primed-

state [57]. The Primed-state is characterized by a moderately reactive Stem-loop, a U-bulge and 

SAM-site that become protected upon SAM binding, and a SD that is highly protected 

independent of SAM. Six mutants were designed to disrupt the ON-state but maintain an 

alternative pair in the OFF-state structure. U21 and U22 form a tight bend at the top of P0 and 

the bottom of P0.5, respectively. SHAPE reactivity for both mutants suggests that SAM-binding 

is largely unperturbed relative to wild type (Figure 2.12a). However, in the absence of SAM, the 

increased reactivity of the U-bulge and SAM-site in the U22 mutant compared to wild-type 

suggests that this mutant it is slightly shifted toward the Primed state. Furthermore, the greater 

reactivity in P0.5 suggests that the remaining ON state molecules are disordered in this region. 

Next, bases in the anti-SD/anti-anti-SD were targeted to determine their role in stabilizing the 

ON-state. C24G and G26A mutations both resemble wild-type reactivity. The G26A mutation 

reactivity provides support for the 5-nt loop observed in the crystal structure, since such a 



 59 

mutation should disrupt the GAAA tetraloop predicted using Mfold. G26 in SMK-ON47 lacks 

obvious stabilizing bonds and refines with a high B-factor, so could likely accommodate the 

mutation. Conversely, mutating A29U and G30C dramatically pushed the solution structure 

toward the Primed-state, while maintaining its SAM-binding ability, resembling the Δ13-19 

construct. A29 forms a H-bond with C25, one of the few stabilizing bonds within the 5-nt loop, 

suggesting it is crucial for loop stability. G30 forms the top bp in the stem loop, so mutating it to 

a U likely disrupts the bp. This mutant was more surprising, given that mutating its WC partner 

C24 to G did not disrupt the equilibrium. However, a slight shearing of the G-C pair in the crystal 

structure suggests a G-G pair could be maintained as a Watson-Crick/Hoogsteen bond, while 

bonding between a C-C pair would be disrupted. Regardless of the mechanism in stabilizing the 

C24G mutant, it appears A29 and G30 are absolutely critical for stabilizing the ON-state, 

providing clear support for the importance of the anti-anti-SD in maintaining conformational 

equilibrium. To disrupt potential stabilizing contacts in the Primed structure, two consecutive 

adenosines were mutated (A73 or A74). The former directly binds to SAM and the latter forms a 

tertiary structure contact that may anchor the P4 helix and potentially stabilize the preformed 

SAM-binding pocket. Both mutations resulted in cleavage patterns more closely resembling a 

hyper-stabilized ON-state and a loss of SAM-responsiveness. This mutagenesis suggests that 

helix P0.5 forms an important stabilizing element in the ON-state and also validates key tertiary 

contacts required for Primed-state sampling and SAM-responsiveness in the SMK box riboswitch. 
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Figure 2.12. Mutational and phylogenetic analysis of SMK-ON. a) SHAPE urea denaturing PAGE 
on wild-type and mutant constructs. b) Sequence alignment showing conservation of P0.5 
among SMK family members. 
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Figure 2.13. Fragment analysis of SHAPE data. a) Fragment analysis data for SMK mutants 
condensed into heatmap format. b) Raw fragment analysis data. The same data is shown in a 
gel in Fig. 5a. 
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Multiple sequence alignments reveal a highly conserved pentaloop, necessary for SMK 

riboswitch function  

Conservation of the main SMK box riboswitch structural features has been previously 

discussed [36], but we were particularly interested in whether the E. faecalis P0.5 helix 

identified in this work is a general feature of SMK box riboswitches. The 5’ side of the stem-loop 

(U22, C23, C24) forms part of the anti-SD and, not surprisingly, is absolutely conserved in 

identified sequences [36]. The important P0.5 loop nt A29, identified in SHAPE analysis, and the 

nts in the 3’ half of the stem-loop (G30-A32) are conserved as a stretch of purines: R29 (89% A), 

R30 (68% G), G31 (100%), and R32 (78% A). In 68% of the sequences, the 3-bp stem is 

maintained with perfect Watson-Crick pairing (GGA, 58%) or one wobble (GGG, 10%). The 

remaining 32% of sequences contain the nts AGR (Figure 2.12b). In the OFF-state, A29-G31 are 

in the P2 helix, that maintains perfect Watson-Crick or wobble base-pairing, with an example of 

perfect co-variation of G or A at position 30 and C or U at position 68. This region of helix P2 is 

removed from the SAM-binding site and there is no obvious sequence selective pressure, 

suggesting the ON-state anti-SD/anti-anti-SD pairing drives its conservation. It is also interesting 

to note that the 5-bp loop is absolutely conserved in length, though it is difficult to discern 

whether this is due to maintaining the stem-loop energetics or due to its location at the SAM 

binding site and the geometric constraints in the OFF-state. The combination of the ON-state 

crystal structure, identifying P0.5 mutants that destabilized the ON-state and sequence 

conservation in P0.5 all strongly support a role for the newly identified anti-anti-SD in stabilizing 

the ON-state and maintaining the conformational equilibrium is a general feature of SMK box 

riboswitches. 
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2.4 Discussion 

Several riboswitch structures have now been determined in both their ligand-bound and 

free states [39, 73-77, 83]. In all cases, the bound and free structures include the same 

structural elements with only subtle differences in the immediate binding pocket. Of the 

structures, the SAM-I [39], FMN [74], lysine [76, 77] and glycine [75] riboswitches all regulate by 

transcriptional repression. These ligand-free structures likely represent a snapshot of the 

predominant flexible form of the riboswitch in the transient sensing window. For instance, the 

SAM-I riboswitch structure is composed of four main helices, P1-4 [28, 84]. Several biophysical 

methods have been used to demonstrate the P1 and P3 helices are preformed and flexible in 

the sensing window and that SAM binding stabilizes the P1-4 containing structure, enabling 

transcription termination [39]. In the absence of SAM, transcription of a downstream sequence 

allows an essentially irreversible antiterminator to form that includes the 3’ half of helix P1. The 

two other ligand-free structures available, the Thermoanaerobacter tengcongensis PreQ1 

riboswitch [83] and the THF riboswitch [73], regulate translation initiation by sequestering the 

SD sequence. Since translation is not a one-time event for a single mRNA, these riboswitches 

can often act reversibly and achieve thermodynamic equilibrium, with or without early kinetic 

controls. The THF structure lacks sequences required to form its translation-ON state, thereby 

locking it in a Primed-structure [73]. The small Type I PreQ1 riboswitch undergoes very little 

structural change in the presence and absence of ligand, anchoring the SD to a consistent core 

structure. The ligand-free crystal structure more closely resembles a higher-energy Primed-

state with an occluded SD than a true ON state, as supported by subsequent molecular 

dynamics simulations [83, 85]. These ligand-free crystal structures provide significant insight 
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into the transient structures of riboswitches that are “primed” for ligand binding. However, no 

Class II riboswitches have had structures determined for both the intermediate and the ligand-

free equilibrium forms.  

In the SMK box riboswitch, the ON-structure is dramatically different from the Primed 

and OFF-states, with only the P3 helix consistent among all states. Several methods, including 

chemical probing and NMR, have been used to demonstrate the flexible ON state samples a 

higher-energy Primed-state in a small percentage of the molecules [57, 58]. The SMK-ON47 

structure presented in this work therefore represents the first structure of the dominant, 

ligand-free structure formed at equilibrium. Due to the inherent flexibility of ligand-free 

riboswitches, it is possible that this crystal structure represents a snap shot of an otherwise 

dynamic molecule in vivo; however, our mutagenesis and sequence analysis strongly suggests 

that the SMK-ON47 structure represents an important conformation in tuning the ON-state and 

provides significant insight into this poorly understood structural state.  

An attractive idea raised by the large destabilizing effects of some P0.5 mutations is that 

small structural features, such as the P0.5 stem-loop, could be the essential, modestly stable 

structural switches used to fine-tune the switching equilibrium, potentially controlling the 

Primed-state distribution. It is also possible that this region can take on multiple conformations, 

lending both entropic and enthalpic contributions to the ON/Primed balance. NMR data for an 

engineered SMK riboswitch (SMK59) clearly demonstrated the dynamic nature of the ON-state 

and were used to assign resonances in the P0 and P3 helices [57]. The fact that no resonances 

were assigned for the P0.5 stem loop could be a result of this dynamic nature of the ON-state, 

as an increased “breathing” was suggested, due to resonant shifts in P3 and the inability to 
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observe all P0 resonances [57]. It was further proposed that the P2 and P4 helices preform and 

destabilize the remaining P0 helix to drive conformational switching. In this hypothesis, an 

unwinding of the P0.5 helix would precede larger destabilizing of the P0 helix and 

conformational switching. This model is in line with our hypothesis that helix P0.5 could tune 

switching by controlling the ability of the anti-anti-SD to form P2 and the subsequent SAM-

binding competent Primed-state.  

Likewise, the Primed crystal structure presented here revealed an unanticipated feature: 

the presence of two greatly different tertiary conformations. One of these, “A”, was largely 

similar to the previous OFF SAM-bound structure except for local binding site changes and a 

small global shift. Overall, the locations of the local binding site changes agree with previous 

data [57, 58].  The other crystallized conformation, “B” was unexpected, with the SAM binding 

site disrupted, P1 and P4 helices stacking with each other, and a ~180° rotation between P1/P4 

and P2/P3. The functional significance of the multiple Primed conformations on metK gene 

expression is not yet clear. Based on smFRET, it appears that “B” is indeed a distinct 

conformation from the SAM binding-competent “A” in solution. However, the place of “B” in 

the folding pathway is not certain. It is possible that “B” forms between ON and “A” in a 

sequential folding pathway or as an alternate folding path between ON and “A”. It may also be 

the case that “B” is purely a side pathway that only interconverts with “A”. Any of these 

possibilities would affect the rates of conversion between ON and OFF. Additionally, depending 

on the relative stability of “B”, it would increase the total proportion of non-translatable 

mRNAs (“A”+”B”+OFF) both in the absence and presence of SAM. This might serve to more 

tightly repress expression in the presence of SAM, or to increase mRNA turnover even in the 
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presence of SAM, by allowing it to be denuded of ribosomes. Further work could examine the 

wild-type SMK-box riboswitches to further dissect the conformation dynamics, including the 

relative stability, tuning and order of formation of “primed” states.  Additionally, the 

conservation of the “B” conformation across SMK-box riboswitch instances in other species has 

not been shown. Since the nucleotides involved in stabilizing “B” are highly conserved, it seems 

possible that it forms in other instances. However, since these nucleotides are also found near 

the SAM binding site in the OFF conformation, we cannot relate their conservation to the 

importance of “B”. 

With the series of four high-resolution snapshots for the SMK-box riboswitch that we 

have determined, we can illustrate a more complete picture of the conformational dynamics in 

solution (Figure 2.14). In this model, progression from ON to Primed is preceded by P0.5 

unfolding, followed by P2 formation, P0 unfolding, and P1 formation. The previously 

established ON-Primed-OFF conformation dynamics [57, 58] showed a clear element of 

conformation selection between ON and Primed states. However, this work suggests that 

rather than a single, local energy minima for the Primed structure, there are multiple Primed 

conformations. This is consistent with two “tiers” of conformational selection for the SMK-box 

riboswitch: one between the ON and Primed secondary structures, and one between the 

different Primed states. This second level of selection is supported by the fact that only 

conformation “A” was able to bind SAM in crystal and in smFRET. In addition to the multi-tiered 

conformation selection mechanism, the SAM soaking experiment also supports an induced-fit 

mechanism, as the “A” molecule experienced previously unreported slight overall and 
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significant local changes after SAM binding. Together, this represents the most detailed 

conformational dynamics for a riboswitch to date. 

This work also exemplifies the role of functional heterogeneity in riboswitches beyond 

the classical bound/unbound two-state model. The ability to form additional conformations 

(discrete or otherwise) may add functional complexity to gene regulation [86]. For example, an 

NMR study on the full-length Vibrio vulnificus add adenine riboswitch also determined a 3-state 

conformation dynamics scheme [87]. In this case, an additional unbound state was observed, 

the function of which may be to maintain a reasonable response range over the broad 

temperature range experienced by the organism. The blending of induced-fit and conformation 

selection mechanisms exemplified here may also be a common theme for riboswitches (For 

example, SAM-II [56, 88]). Interestingly, different species of the PreQ1  riboswitch appear to 

utilize different mechanisms [89], illustrating that similar overall structures may have evolved to 

function by different mechanisms. It is interesting that the further we dissect the conformation 

dynamics of riboswitches, the more nuanced they become. Future structural, physiological, and 

bioinformatics work on SMK-box riboswitches from a variety of species may help determine how 

different conformational dynamics could have evolved to suit specific gene regulatory needs. 
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Figure 2.14. Overall conformational dynamics of the SMK-box riboswitch, a “multi-tiered 
conformation selection and induced-fit mechanism” of SAM recognition. 
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2.5 Methods 

Cloning and transcription  

All RNA constructs used in this study were cloned into the EcoRI and SmaI site of pUC19. 

Constructs were designed to be preceded by the T7 RNA polymerase promoter and followed by 

the hepatitis δ-virus ribozyme [90]. Large-scale plasmid purifications were done using Qiagen 

MegaPrep kits. Plasmids were linearized with BamHI (for crystallization) or HindIII (for SHAPE) 

at sites located 3’ to th -virus ribozyme. Linearized vector then served as the 

template for in vitro transcription using T7 RNA polymerase, as previously described [90]. 

Cleaved RNA samples were separated by denaturing polyacrylamide gel electrophoresis (PAGE) 

and visualized by UV-shadowing. Excised gel slices containing the RNA were then crushed and 

mixed overnight in deionized water at 4°C. Gel pieces were removed by filtration and the 

sample was further dialyzed into 5 or 10 mM sodium cacodylate, pH 7.0. SMK-ON47 samples 

were then diluted to 5 µM in 5 mM sodium cacodylate pH 7.0, 50 mM NaCl. RNA was refolded 

by incubation at 65°C for 10 min, addition of 5-10 mM MgCl2 followed by incubation for one 

additional minute and rapidly cooled on ice. Samples were concentrated to ~0.3 mM with a 

Millipore centrifugal concentrator (3 KDa-cutoff) before use. SMK-Primed constructs were 

refolded similarly, but at 0.2-0.3 mM and used directly for crystallization or flash-frozen in liquid 

nitrogen and stored at -80°C.  

Crystallization and Data Collection  

Hampton Natrix HT and Nucleic Acid Mini Screen crystal screens were used to identify 

crystallization conditions. Native SMK–ON47 state crystals were optimized by hanging drop vapor 

diffusion in 6 µL drops with equal parts RNA and reservoir solution, containing 20 mM MgCl2, 50 
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mM sodium cacodylate pH 7.0, 1 mM hexamine cobalt chloride, 2 mM spermine, and 12-16 % 

(v/v) 2-propanol. Iridium hexamine-supplemented crystals were grown in 2 µL drops by 

substituting 1 mM iridium hexamine for 1 mM hexamine cobalt chloride in the crystallization 

drops. Crystals were cryoprotected by a quick soak in mother liquor supplemented with 25 % 

ethylene glycol and flash frozen in liquid nitrogen. SMK-ON47 data were collected at the 

Advanced Photon Source (APS) on beamline 24ID-E (Native) and at the Cornell High Energy 

Synchrotron Source on beam line A1 (IrHex). The crystals grew in the space group C2221 with 

two molecules in the asymmetric unit and a high solvent content (~85%).  

SMK Primed crystals grew at 4-7 mg/mL at 18° C in a mother liquor of 40 mM Na 

Cacodylate pH 7.0, 230 mM NaCl, 110 mM KCl, 20 mM BaCl2, 12 mM MgCl2, and 8-12% 2-

methyl-2,4-pentanediol. Optimal cryoprotection was achieved by replacing the 2-methyl-2,4-

pentanediol with 27% polyethylene glycol-400. For phasing, the crystals were soaked in this 

cryo solution supplemented with 10 mM iridium hexamine for 3 h. For SAM soaking 

experiments, crystals were soaked in mother liquor supplemented with 0.5 mM SAM. Iridium 

hexamine datasets were collected at the GM/CA beamline at APS as part of the CCP4 Summer 

School. Native and SAM-soaked datasets were collected at NE-CAT 24 ID at APS. The SMK Primed 

state crystallized in space group P21 with two molecules in the asymmetric unit. 

Data Processing and Structure Solution  

SMK-ON47 structure data were processed and scaled using HKL2000 [91]. Due to crystal 

decay during collection, four data sets collected at different locations along two elongated 

crystals were scaled together to achieve high redundancy. Twelve Ir sites were located using 

single isomorphous replacement with anomalous scattering (SIRAS) in ShelxCD [92, 93] and 
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density modification and phase extension were performed using ShelxE [94] in the HKL2Map 

interface [95]. Non-crystallographic, two-fold symmetry of the heavy atom peaks was evident 

by eye and allowed fitting ideal structural elements into the maps and initial refinement. The 

structure was manually built in Coot [96] using ideal RNA structures. A subsequent higher 

resolution iridium-hexamine dataset from a single crystal allowed experimental phase 

extension to 4.0 Å resolution. ERRASER-Rosetta [97, 98] was used to assist building between 

cycles of manual adjustments using Coot and RCrane [99]. Finally, native data were extended to 

3.6 Å resolution and refined using phenix.refine, eventually refining individual B-factors with 

torsion-angle non-crystallographic symmetry and automated base pairing restraints [100].  

The Primed data were processed with iMOSFLM [101] (Ir), HKL2000 [91] (native), or with 

XDS [102] as part of the NE-CAT automated processing pipeline (SAM soak). Single-wavelength 

anomalous diffraction (SAD) data was collected at the Ir edge. Twelve heavy atom sites were 

found using the AutoSol program in the Phenix suite [100]. The building and refinement, to a 

final resolution of 2.7 Å, were performed similarly to those of the SMK-ON47 structure.  

smFRET design 

 Based on the “Primed” crystal structure, a bimolecular smFRET construct was designed 

that could differentiate between the “A” and “B” conformations (Figure 2.5a). Oligo 1 (Biosg-

GUUCCCGAAAGGAUGGCG-Cy3) contained a 5’ biotin (at the base of P1) and a Cy3 attached at 

G37 (toward the end of P3). Oligo 2 (CGCCAGAUGCCUUGUAACCGA-iCy5-AAGGGGGAAC) 

contained a Cy5 inserted in the L4 tetraloop. RNA oligos containing the modifications were 

synthesized by and purchased from IDT. Oligos were annealed by mixing in a 1:1.5 ratio of oligo 
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1: oligo 2 in 20 mM HEPES pH 7.5, 100 mM NaCl, heating to 65° C, addition of 2.5 mM MgCl2, 

then cooling.  

smFRET Imaging and Data Analysis  

The single-molecule FRET imaging experiments were performed at room temperature 

using a prism-type total internal reflection microscope, based on an Olympus IX71 inverted 

microscope, and the data were analyzed as previously described [103, 104]. Briefly, 

immobilized labeled RNA was excited directly by a continuous-wave circularly polarized 532-nm 

laser at ~4 mW over an area of ~150  75 μm2. The Cy3 and Cy5 fluorescence was collected, 

split into two channels and projected onto two halves of an EMCCD camera. Due to the slow 

interconversion rates (on the order of minutes, Figure 2.6), data was collected with a 2-second 

time lapse to avoid photobleaching where a 100 ms exposure time was followed by 1900 ms lag 

time. Individual Cy3 and Cy5 fluorescence intensity trajectories for RNA molecules were 

extracted from the recorded fluorescence movies using a custom IDL program. The EFRET was 

approximated as ICy5/(ICy5+ICy3), where ICy3 and ICy5 are the fluorescence intensities. A forward-

backward nonlinear filter was used to reduce the noise in the fluorescence trajectories [105, 

106]. The EFRET histograms were compiled from hundreds of trajectories at each condition. The 

EFRET peaks from the various RNA conformations were fit with Gaussian distributions. Data were 

collected and compared on different days, demonstrating that the FRET states and their relative 

distributions are reproducible. 

 A microfluidic channel formed by a quartz slide and a borosilicate cover slip fixed 

together using double-sided tape was used to contain the samples. Quartz slides were amine-

functionalized with (3-Aminopropyl) triethoxysilane (Sigma-Aldrich) followed by PEG coating 
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(polyethylene glycol polymers) (Nanocs, 100 mg/mL m-PEG-SPA-5000 and 1 mg/mL biotin-PEG-

NHS-3400) in order to minimize nonspecific RNA adsorption on the quartz surface. A 

biotinylated terminal group, to form biotin-neutravidin linkages for immobilizing biotinylated 

RNA molecules, comprised one percent of the PEG polymers. A 500 µL solution of 0.2 mg/mL 

neutravidin (Invitrogen) was introduced to the microfluidic channel and incubated for 15 

minutes. Any remaining non-functionalized quartz and borosilicate surfaces were blocked using 

3 mL BSA (0.1 mg/ml). A 500 µL solution of 10 pM labeled biotinylated RNA in 20 mM HEPES 

buffer at pH 7.5 containing 100 mM NaCl, and 2.5 mM MgCl2 was flowed through the channel 

for immobilization. For imaging RNA, the immobilized RNA was kept under the above buffer 

condition including an oxygen scavenging system (1mM Trolox, 2.5 mM PCA, 50 nM PCD [107]. 

In the experiments containing SAM, 0.5 mM of SAM was added to the above buffer. 

Selective 2’-hydroxyl acylation analyzed by primer extension (SHAPE)  

All SHAPE experiments were performed as previously described [58, 108], with minor 

modifications. To refold the RNA, 300 nM RNA samples were prepared in 110 mM HEPES pH 

8.0, 6.6 mM MgCl2, 110 mM NaCl and heated to 65 °C for 5 minutes, at which time 300 µM SAM 

was added to the +SAM samples. All samples were then incubated at 37 °C for 3 minutes, 

followed by rapid cooling on ice. RNA was derivatized using 1M7 by mixing 8 µL of refolded RNA 

with 1 µL of 100 mM 1M7 stock and incubating at 37 °C for 2 minutes. 500 µL of precipitation 

buffer (450 µM EDTA, 45 mM NaCl, 79% ethanol) and 2 µL of GlycoBlue (15 mg/mL, Invitrogen) 

were added to samples, followed by 750 µL of cold (-20 °C) 100% ethanol. Samples were stored 

at -80 °C for 30 minutes, then centrifuged at 16000 x g for 30 minutes at 4 °C. The supernatant 

was decanted and blue pellets were dried by inverting the tubes for 2 minutes and then laying 
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them on their sides for 20 minutes. Pellets were then resuspended in 10 µL of 0.5x TE buffer (5 

mM Tris pH 8.0, 0.5 mM EDTA pH 8.0). Reverse transcription of the RNA was performed by 

adding 0.6 µL of 50 µM HEX-labeled primer (5’-GAACCGGACCGAAGCCCG-3’) to 10 µL modified 

RNA. Primer annealing was performed by heating samples to 65 °C for 5 minutes, then 32 °C for 

5 minutes and cooling on ice for 1 minute. At that time 6 µL reverse transcriptase buffer was 

added (4 parts First Strand Buffer, 1 part 0.1 M dithiothreitol, 1 part 10 µM dNTPs) and samples 

were preheated to 52° C for 1 minute. Reverse transcription was initiated by adding 1 µL 

SuperScript III Reverse Transcriptase (Invitrogen) and extensions were performed for 30 

minutes at 52 °C. RNA was degraded by adding 0.8 µL of 5 M NaOH and incubating at 95 °C for 5 

minutes, followed by the addition of 29 µL of acid stop mixture (4:25 v/v of 1 M Tris-HCl to stop 

dye (85% formamide, 50 mM EDTA pH 8.0, diluted in 0.5x TBE) and incubating for an additional 

5 minutes at 95 °C. Samples were then cooled and stored at -20 °C. Samples were analyzed by 

fragment analysis using an Applied Biosciences 3730xl and analyzed using ShapeFinder software 

[109]. Integrated data were scaled together using the 2-8% rule [110].  

Multiple sequence alignments  

Multiple sequence alignments were generated based on previously identified SMK 

riboswitch sequences [36]. Additional sequences were identified by manually searching 

upstream from metK homologs in updated sequence databases. Sequence alignments were 

generated in ClustalX, using the Rfam SMK box riboswitch seed sequence for profile-based 

alignments. The resulting alignment was visualized using Jalview and manually adjusted using E. 

faecalis ON- and OFF-state structural information. Highly variable regions were trimmed and 

sequences with > 90 % identity in the trimmed alignments were removed. The following 
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acronyms and metK accession numbers were used in the final alignment: E. faecalis (Efae, 

EF0784), Enterococcus faecium (Efcm, HMPREF0351_12540), Lactobacillus johnsonii (Ljoh, 

FI9785_519), Lactobacillus acidophilus (Laci, LBA1622), Lactobacillus delbrueckii (Ldel, 

LDB1575), Lactobacillus brevis (Lbre, LVIS_1523), Lactobacillus reuteri (Lreu, Lreu_1296), 

Lactobacillus buchneri (Lbuc, Lbuc_1275), Lactobacillus sakei (Lsak, LSA0468), Lactobacillus 

casei (Lcas, LSEI_0877), (Lrha, LGG_00842), Lactobacillus plantarum (Lpla, JDM1_1101), 

Lactococcus lactis (Llac, CVCAS_1901), Lactobacillus fermentum (Lfer, LAF_1358), Streptococcus 

suis (Ssui, SSUD12_1579), Streptococcus infantis (Sinf, ZP_12581210), Streptococcus gallolyticus 

(Sgal, GALLO_0769), Streptococcus mutans (Smut, SMU_1573), Streptococcus pyogenes (Spyo, 

spyM18_1372), Streptococcus pneumonia (Spne, SPG_0694). 
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CHAPTER 3: THE WIDESPREAD yybP-ykoY ELEMENT IS A Mn2+-RESPONSIVE RIBOSWITCH 

 

 

 

 

 

 

Disclaimer:  
This chapter is adapted from our paper “Mn(2+)-Sensing Mechanisms of yybP-ykoY 

Orphan Riboswitches” Ian R. Price, Ahmed Gaballa, Fang Ding, John D. Helmann, and Ailong Ke. 
Molecular Cell, 19 March 2015, Volume 57, Issue 6, p1110–1123.  

All in vivo work for this paper (including the beta-galactosidase reporter assays and the 
disc diffusion assays) was done by our collaborator Dr. Ahmed Gaballa in John Helmann’s lab in 
the Department of Microbiology at Cornell University. The crystallography and biochemical 
experiments were performed by me, with help in some of the RNA purifications from Fang 
Ding. 
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3.1 Summary and graphical abstract 

Gene regulation in cis by riboswitches is a prevalent theme in prokaryotes. The yybP-

ykoY riboswitch family is widespread among bacteria, yet its ligand and function have remained 

unknown. Here we characterize the Lactococcus lactis yybP-ykoY riboswitch as a Mn2+-

dependent transcription-ON riboswitch in vitro and in vivo, with a ~30-40 µM affinity for Mn2+.  

We further determined its crystal structure at 2.7 Å to elucidate the metal sensing mechanism. 

The riboswitch resembles a hairpin, with two coaxially stacked helices tethered by a four-way 

junction and a tertiary docking interface. The Mn2+-sensing region, strategically located at the 

highly conserved docking interface, has two metal binding sites. Whereas the MA site tolerates 

binding of both Mg2+ and Mn2+, MB strongly prefers Mn2+ due to a direct contact from the N7 of 

an invariable adenosine. Mutagenesis and a Mn2+-free E. coli yybP-ykoY structure further reveal 

that Mn2+ binding is coupled with the stabilization of the aptamer domain.  
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3.2 Introduction 

Ligand-dependent regulation by riboswitches is an important gene regulatory 

mechanism, especially in prokaryotes. These RNAs usually reside in 5' untranslated regions (5'-

UTRs) of mRNAs and regulate expression mainly by premature transcription termination or 

inhibition of translation initiation [111, 112]. Other regulatory mechanisms have been 

demonstrated, including the control of mRNA degradation or alternative splicing [9, 10]. Over 

two dozen classes of riboswitches have been experimentally validated [22]. The ligand identity 

and regulatory function of many more classes of riboswitches remain obscure, thus they remain 

“orphans”.  

The yybP-ykoY motif constitutes the fourth most common riboswitch class known, yet it 

has remained an orphan [2, 37, 113]. This is primarily because its associated genes were 

uncharacterized, including yybP and ykoY, the two genes in Bacillus subtilis after which this 

riboswitch class was named [2]. Sequence conservation analysis indicates that the putative 

yybP-ykoY aptamer domain is often mutually exclusive with a predicted transcription 

terminator structure, which suggests that aptamer stabilization will serve to up-regulate gene 

expression by disrupting the terminator structure [2]. The yybP-ykoY-containing RNA SraF, 

associated with the gene encoding the TerC family member alx in E. coli [113], was previously 

identified as a pH-responsive “riboregulator” [114]. However, the pH response required 

sequences outside the yybP-ykoY consensus that are not present in most instances [114, 115].  

More recently, one yybP-ykoY associated gene product, YebN (also called MntX and 

MntP), was independently implicated as a Mn2+ efflux pump in Xanthomonas oryzae [61], E. coli 

[116], and Neisseria meningitidis [117]. Furthermore, multiple instances of the yybP-ykoY motif 
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are found in regions that also contain binding sites for MntR or Fur family transcription factors, 

which are involved in Mn2+ and other metal homeostasis [116, 118].  

Based on these observations, we hypothesized that yybP-ykoY riboswitches may sense 

elevated levels of Mn2+ and in turn up-regulate genes related to Mn2+ homeostasis. In this work, 

we present several lines of evidence suggesting that a Lactococcus lactis yybP-ykoY riboswitch, 

found upstream of the yoaB gene, functions as a transcription-ON Mn2+-responsive riboswitch. 

The riboswitch binds Mn2+ with a Kd of ~30-40 µM, as monitored by both an in vitro 

transcription (IVT) assays and selective 2’-hydroxyl acylation analyzed by primer extension 

(SHAPE), and mediates gene induction specifically by elevated Mn2+ as monitored in B. subtilis. 

These regulatory effects were not observed for other metals. The crystal structure of the L. 

lactis yybP-ykoY riboswitch aptamer domain bound to Mn2+ reveals an overall hairpin-type 

architecture, with a Mn2+ and a Mg2+ inner-sphere coordinated at a conserved docking 

interface. While the nonspecific Mg2+ site is exclusively coordinated by hard (oxygen) ligands, 

the Mn2+ coordination involves a mixture of five phosphoryl oxygen atoms and one nitrogen 

atom, the N7 of an invariable adenosine. This suggests that the riboswitch takes advantage of 

the tolerance of Mn2+ for softer coordination as part of a mechanism to distinguish Mn2+ from 

Mg2+. This metal selectivity mechanism is validated by both functional and structural analysis of 

a binding site mutant, and is supported by comparison with the structure of the Mn2+-free E. 

coli yybP-ykoY riboswitch. The identification of yybP-ykoY as a Mn2+ riboswitch has implications 

for the functions of its uncharacterized associated genes as well as for metal homeostasis. To 

this end, we provide physiological evidence to suggest that a previously uncharacterized P-type 

ATPase (YoaB) in L. lactis functions as a Mn2+ exporter. 
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Figure 3.1. The yybP-ykoY motif is a Mn
2+

 riboswitch. A) Secondary structure of the L. lactis yybP-ykoY RNA 
showing the Mn

2+
-dependent alternative structure formation. Features are indicated in underlined text. Bases 

conserved in >94% of instances are circled in red. B) IVT assay on the L. lactis yybP-ykoY. Products are 
32

P labeled 
and separated by PAGE. Terminated (Term) products reflect terminator formation, and readthrough (RT) products 
result when the terminator is prevented from forming by the yybP-ykoY stabilization. Term and RT product sizes 
were confirmed on separate gels (not shown). Mn

2+
 exhibits the largest effect. C) Transcription termination assays 

were performed in a range of [Mn
2+

]. An effective kd of 40 ± 15 µM was determined. D) SHAPE on the L. lactis 
aptamer domain under varying [Mn

2+
]. Increased protection is observed in L1, 4WJ, and L3. E) The intensities of the 

SHAPE products over 87-88 were quantified and used to calculate a kd of 27 ± 6 µM. F) Induction of beta-
galactosidase from an L. lactis yoaB leader region-lacZ fusion in a B. subtilis mntR mutant strain as monitored 60 
min. after addition of Mn

2+
 to the indicated concentration.  
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3.3 Results 

The L. lactis yybP-ykoY riboswitch is Mn2+-responsive both in vitro and in vivo 

Because the yybP-ykoY riboswitch associated genes in X. oryzae, E. coli, and N. 

meningitidis were implicated as Mn2+ efflux pumps [61, 116, 117], we hypothesized that the 

function of this orphan riboswitch family could be to specifically bind Mn2+ and regulate 

expression of proteins important for Mn2+ homeostasis. An IVT assay was used to test this 

hypothesis using the putative transcriptional yybP-ykoY riboswitch upstream of the L. lactis 

yoaB gene, which encodes a predicted P-type II (calcium-transporting) ATPase (Figure. 3.1a). 

This riboswitch was shown to specifically respond to Mn2+ concentration in this assay (Figure. 

3.1b). RNA polymerase produced predominantly terminated transcripts in the absence of Mn2+. 

Addition of 0.5 mM Mn2+, and no other metals tested (Fe2+, Co2+, Ni2+, and Ca2+), led to highly 

efficient anti-termination, presumably because Mn2+-induced stabilization of the aptamer 

domain disrupted the terminator structure (Figure. 3.1a). IVT under a range of Mn2+ 

concentrations further revealed a half-maximal response at 40+/-15 µM, which we interpret as 

reflecting the effective Mn2+ binding constant of this riboswitch during its folding window 

(Figure 3.1c). High concentrations (10 mM) of Mg2+ could also induce transcription read-

through, a typical observation in diverse riboswitch families (data not shown) [52, 119, 120].  

The metal ion selectivity for Mn2+ over Mg2+ is at least 200-fold based on apparent binding 

constants as judged by this assay. 

Next, we used SHAPE chemical probing to determine if the observed anti-termination 

activity was correlated with any Mn2+-induced conformational changes in the aptamer domain 

(Figure 3.1d). The reactivity pattern observed confirmed the bioinformatically predicted 
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secondary structure [2] (Figure 3.1A) in solution. Notably, the U87-A88 (4-way junction) region 

displayed prominent Mn2+-dependent protection, with more modest changes across L1 and L3. 

Based on the SHAPE reactivity change at the U87-A88 residues, the Mn2+ binding Kd was 

estimated to be ~27+/-6 µM (Figure 3.1e), comparable to the value derived from the 

transcription assay.  

To determine if this riboswitch can also mediate Mn2+-dependent regulation in vivo, we 

fused the L. lactis yoaB leader region (containing the yybP-ykoY riboswitch) to the lacZ gene and 

monitored metal activation of gene expression in B. subtilis. Since Mn2+ import is tightly 

regulated in wild-type B. subtilis by the MntR repressor, we used an mntR mutant strain that 

constitutively expresses Mn2+ uptake transporters to measure the cellular response to Mn2+ 

excess [121]. In this genetic background, addition of 1 to 10 µM Mn2+ to the LB growth medium 

activated expression of β-galactosidase several-fold (Figure 3.1f, 3.2). These levels of Mn2+ are 

sufficient to inhibit growth [121] and elicit Mn2+-stress as visualized at the level of the 

transcriptome [122]. In contrast, addition to the medium of other metals (400 µM Cu2+, Ni2+, 

Co2+, Mg2+ or Fe2+) had little if any effect on expression (data not shown). Together, these 

results demonstrate that this riboswitch can function as a Mn2+-specific genetic ON-switch both 

in vitro and in vivo.   
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Figure 3.2. In vivo confirmation of yybP-ykoY and YoaB metal selectivity. A) Induction of beta-galactosidase from 
an L. lactis yoaB leader region-lacZ fusion in a B. subtilis mntR mutant strain as monitored 60 min. after addition of 
various metals to the indicated concentrations. B) Sensitivity to various metals was monitored using a disk-
diffusion (zone-of-inhibition) assay in the B. subtilis mntR Mn

2+
-sensitive mutant (gray) and mntR Pspac-yoaB, which 

expresses L. lactis YoaB. Only Mn
2+

 sensitivity was rescued by YoaB. 
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Crystal structure of the Mn2+-bound L. lactis yybP-ykoY family riboswitch 

Mn2+ and Mg2+ have similar ionic radii, metal coordination schemes, and charges. 

Whereas Mg2+ is present at low mM concentration inside cells [123], Mn2+ is typically 

maintained at levels 10- to 100-fold lower [124]. Therefore it is a particularly challenging task 

for RNA to selectively sense Mn2+. Other transition metals inside the cell further complicate the 

situation. To fully understand the mechanism of selective Mn2+ sensing, we determined the 

crystal structure of the Mn2+-bound L. lactis yybP-ykoY riboswitch at 2.7 Å resolution (Figure 

3.3a,b; Figure 3.4; Table 3.1). The two molecules in the crystal asymmetric unit exhibit almost 

identical conformations (total RMS = 0.58 Å). The four helices organize into two coaxially 

stacked superhelices (P1-P2 and P3-P4) tethered by a four-way-junction (4WJ), resembling an 

overall hairpin shape. The two “legs” of the hairpin dock together at the highly-conserved L1 

and L3 loops (Figure 3.3c,d; Figure 3.4b). This interface is stabilized primarily by two highly 

coordinated metal ions, which bind at an intricately arranged pocket. Specifically, the L1 loop 

contains four layers of non-Watson-Crick (WC) interactions: a sheared G7•A94 pair [sugar (S)-

Hoogsteen (H)], a G8•G93 pair (WC-H), a G19•U11•A92 base triple, and a weak A12•A91 (WC-

S) pair. These interactions fulfill two functions: 1) to flip out the absolutely conserved A9 

residue, which undergoes a cross-helix Type I A-minor interaction with the conserved C37-G60 

pair in P3.1 and also base stacks with the top of L3 (Figure 3.3c); and 2) to twist the backbone of 

G7-A9 to orient the three phosphates towards each other, creating a metal ion binding hotspot 

(Figure 3.3c). On the opposite side of the binding interface, L3 (U39-C45) is extruded from the 

stacking lattice between P3.1 and P3.2. Its backbone twists, pointing the phosphates of U39-

C40 and U44-C45 inward to accommodate the metal ions at the L1-L3 interface (Figure 3.3d). 
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The L3 conformation is stabilized in part by base stacking, which nucleates at A9 in L1 and 

propagates to U39, C40, A41, C45, U44, and A42; stacking between C40 and A41 is in a tilted 

fashion. N4 of the highly conserved C40 appears to make a hydrogen bond to the 2’-OH of G46 

in P3.2. U43 is flipped out and mediates a sharp U-turn (Figure 3.3d). Overall, the crystal 

structure nicely explains the observed sequence conservation and the SHAPE reaction profile.  



 87 

Figure 3.3. The crystal structure of the L. lactis yybP-ykoY aptamer domain bound to Mn
2+

. A) Overall 3-D 
structure shows two series of coaxially-stacked helices forming an overall hairpin shape, with the highly conserved 
L1 (yellow) and L3 (orange) docking together and binding two metal ions. B) Updated secondary structure 
reflecting the 3-D structure. Numbering is by the wild-type sequence (not crystal construct). C) The L1 region 
contains a series of non-Watson-Crick interactions helping to arrange the metal binding site. Notably, G7 and G8 
phosphates are pointed toward the metal binding site. Additionally, A9 is flipped-out to make an A-minor 
interaction with C37-G60 and base stack with top of L3. D) The L3 loop contains the other half of the binding site. 
Extensive base stacking and hydrogen bonding helps to arrange A41 and backbone phosphate to contact the 
metals. E) The metal coordination scheme. MA (cyan) is coordinated octahedrally by five backbone phosphates and 
a water. The MB site (bright pink) contains five backbone phosphates and the N7 of A41. N6 of A41 also makes a H-
bond to the phosphate of U39. The anomalous difference map collected at the Mn K-edge (magenta) with 100 µM 
Mn

2+
 confirms that MB is Mn

2+
-specific.   
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Table 3.1. Crystallographic data and refinement statistics. 
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Figure 3.4. Experimental electron density of the Mn
2+

-bound L. lactis yybP-ykoY riboswitch structure. A) Overall 
2Fo-Fc composite omit unbiased electron density map of the low Mn

2+
 soak model, contoured at 1.5 σ. The 

structure model is colored according to the secondary structure model in Figure 3.3. B) Sequence conservation in 
the L. lactis yybP-ykoY mapped on the 3D crystal structure. Residues over 96% conserved are colored in red, over 
92% in orange, as reported by Rfam. These residues cluster around the docking interface, where two highly 
coordinated metal ions bind. C) 2Fo-Fc electron density for the MB site and MA site in the 100 µM Mn

2+
 structure, 

contoured at 4 σ level. The metal-to-ligand distances (black dashed lines) and the A41 N6—U39 phoshoryl oxygen 
hydrogen bond (purple dashed line) are labeled. D) Close-up view of the cross-helix Type I A-minor motif 
interaction between A9 of L1 and C37-G60 of L3 in the L. lactis Mn

2+
-bound structure. 
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The molecular basis of Mn2+-sensing  

Besides the A-minor motif interaction, L1 and L3 lack residue-specific inter-loop 

interactions. Most of the docking affinity appears to originate from the inner-sphere 

coordination of two metal ions (MA and MB) at the interface. MA is coordinated in an octahedral 

fashion by five inner-sphere phosphoryl oxygen atoms from residues in L1 (G7, G8, and A9) and 

L3 (U39 and C45) (Figure 3.3e; Figure 3.4c,d), and by a water molecule hydrogen bonded to the 

phosphate of G38. In contrast, while MB is also coordinated octahedrally, one of the six ligands 

is N7 of the invariable A41 in L3, with the rest being phosphoryl oxygen atoms of G8, U39, C40, 

U44, and C45. In addition to the N7-Mn2+ contact, A41 further positions itself by donating a H-

bond from its N6 primary amine to the phosphoryl oxygen of C9.  

It is well-established that both Mg2+ and Mn2+ prefer octahedral coordination with 

similar metal-ligand distances (2.07 versus 2.19 Å, respectively) [125]. However, Mg2+ strongly 

prefers coordination by hard ligands (i.e. oxygen) whereas Mn2+ tolerates softer ligands such as 

nitrogen and sulfur [125, 126]. Therefore, we predicted that under physiological conditions 

(mM Mg2+ versus µM Mn2+), MA is predominantly occupied by Mg2+ due to its abundance, 

whereas the MB site will display strong selectivity for Mn2+. The selective binding of Mn2+ at the 

strategic location of the riboswitch docking interface in turn rationalizes the Mn2+-dependent 

folding behavior of the yybP-ykoY riboswitch aptamer domain. 

To test this hypothesis, we turned to anomalous scattering property of Mn to 

unambiguously assign the identity of these two metal ions. Because Ba2+ was indispensable for 

crystallization and strongly contributes to anomalous scattering at and below the Mn K 

absorption edge energy, we compared the anomalous differences in datasets collected at and 
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far below this Mn absorption edge (Table 3.1). Mn anomalous difference peaks are expected to 

be strong in the Mn-edge map, but very weak in the lower energy map, whereas Ba anomalous 

peaks are expected to be more consistent between in these two maps. Data were collected at 

either high or low Mn2+ concentration conditions. With artificially high (2.5 mM) Mn2+ present 

in the crystallization buffer, the anomalous difference map at the Mn edge revealed high 

occupancy for both the MA and MB sites (Figure 3.5b). However, below the Mn edge, there is no 

anomalous difference at either site (Figure 3.5), suggesting that Ba2+ does not bind there. Peaks 

in more open positions outside the L1-L3 region (presumably due to Ba2+) appear in both maps 

(Figure 3.5a). These results are consistent with Mn2+ occupying both the MA and MB sites at mM 

concentration. The exclusion of large Ba2+ ions from MA and MB suggests that the metal sensor 

region may also be sensitive to the ionic radii of ions as an additional discrimination 

mechanism. Significantly, at lower (100 µM) Mn2+, the anomalous difference map at the Mn-

edge contained a strong peak at MB, but dramatically reduced occupancy at MA (Figure 3.3e), 

suggesting that towards the physiological concentration range, Mn2+ selectively occupies MB 

site. This supports the hypothesis that the MB site is the main factor in determining Mn2+ 

selectivity over Mg2+.  
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Figure 3.5. Ba
2+ 

and Mn
2+ 

sites revealed by the anomalous data collection in the L. lactis yybP-ykoY structure, in 
the presence of 2.5 mM Mn

2+
. A) The anomalous difference peaks (7 σ contour level) at the Mn K-edge are shown 

in teal. Due to strong anomalous absorption of Ba at the Mn K-edge, these peaks could correspond to either Ba
2+

 
or Mn

2+
.
 
The anomalous difference map far below the Mn K-edge (6 σ contour level) is shown in red, these peaks 

correspond to Ba
2+

 only. Metal identities were assigned based on this criteria as well as the metal-ligand distances, 
the assigned Ba

2+ 
ions are shown in black, Mn

2+
 in magenta, and Mg

2+
 in yellow. Note the absence of Ba anomalous 

signal at MA and MB, suggesting that only Mn occupy these sites. B) The anomalous difference map was calculated 
from diffraction data collected at peak of the Mn K-edge, and contoured at 9.5 σ. Mn

2+ 
occupies both sites at 2.5 

mM concentration. 
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Structure-guided mutagenesis of the L. lactis yybP-ykoY riboswitch confirms functional 

elements 

Next, mutations followed by SHAPE and IVT assays were used to test the roles of specific 

structural features. Several base-substitutions targeted the L1 loop, the most conserved region 

in the yybP-ykoY riboswitch. The A9C and U11A substitutions target the cross-helix A-minor 

contact and a nearby conserved G11•U12•A93 base triple, respectively. Both substitutions 

resulted in a catastrophic unfolding of the riboswitch, with increased reactivities at L1, L3, and 

the four-way junction (4WJ), with concomitant loss of the Mn2+ response (Figure 3.6a). An A13U 

substitution converts the sheared A12•A91 pair in L1 to a U-A pair. This substitution has 

surprisingly little effect on structural integrity; whether this base pair is involved in fine-tuning 

the switching behavior of the riboswitch awaits further investigation. C40 and A41 are the two 

most conserved residues in L3. The C40U substitution lost the Mn2+-dependent response, and 

displayed moderately increased flexibility in L3, and near the 4WJ as a secondary effect (Figure 

3.6a). The invariant A41 is responsible for the selective binding of Mn2+ to the MB site through 

an N7-Mn2+ contact. We predict that this contact is likely replaced by an O4-M2+ contact in the 

A41U RNA, resulting in a loss-of-selectivity phenotype. The A41U RNA still displayed Mn2+-

induced response at the 4WJ region. However, the Mn2+-dependent protections at L1 and L3 

were less prominent, and an extra hyper-reactive band appeared at U43 in L3, suggesting that 

this loop adopts a significantly different conformation. The increased reactivity in the L3 and 

4WJ of the A41U mutant may also be due to the loss of stabilization by the N6-phosphoryl 

oxygen H-bond or because of decreased base stacking stability by the U base. While A41G 

mutant maintains N7 group, substitution of N6 primary amine in adenosine with the O6 
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carbonyl of a guanosine at position 41 would also disrupt the H-bond to the backbone of C9. 

Indeed, the L3 loop in the A41G mutant RNA is significantly more flexible, and the Mn2+-

dependent changes are lessened.  

Templates with A41G or A41U mutations were also tested by IVT. Each required ~3-fold 

higher [Mn2+] to drive the same level of read-through transcription as the wild-type, suggesting 

that their metal sensitivity is impaired (Figure 3.6b). Overall, these mutational studies validate 

the conclusions from the structural analysis.  
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Figure 3.6. Mutational analysis of the L. lactis yybP-ykoY riboswitch. A) SHAPE with and without 0.3 mM Mn
2+

 
present, on wild-type and mutant L. lactis yybP-ykoY aptamer domains. B) IVT assays on binding site mutants in a 
range of Mn

2+
 conditions. C) Overall view of the metal docking region of the A40U mutant crystal structure 

(colored) overlaid with the wild-type structure (gray). D) Close-up view of the A40U mutant binding site. Sr
2+

 are 
shown in green. The electron density is in teal, showing a water (red) bound to MB. 
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Figure 3.7. A) Conformation differences in the Mn
2+

 sensing L3 loop between the two monomers in the asymmetric 
unit of the L. lactis A40U mutant structure. While the two monomers are similar in overall structure, the A42 
residue in the L3 loop is stacked in monomer a (in orange), but flipped out in monomer b (in cyan). B) Anomalous 
difference map for the A40U mutant structure, collected at the Sr absorption edge, confirming Sr

2+
 presence (at 

7.5 σ). Mn contributes very little to anomalous scattering at this energy. 
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The structure of the A41U mutant riboswitch reveals an altered metal coordination scheme  

To further investigate the effect of the A41U substitution on the metal sensitivity of the 

riboswitch, we determined its crystal structure at 2.15 Å resolution in the presence of 2.5 mM 

Mn2+, 10 mM Mg2+, and 80 mM Sr2+ (Figure 3.6c; Table 3.1). The overall structure of this mutant 

aligns well with the wild-type, with an r.m.s.d of 1.7 Å for all phosphorous atoms. However, the 

L3 loop in the metal sensing region displays significant local differences, and as the result, the 

mutant loses selective binding of Mn2+ at MB  site and chelates a Sr2+ instead (Figure 3.6d). 

Specifically, the backbone of U41-U44 is shifted, disrupting the extensive base stacking 

observed in the wild-type structure (Figure 3.6d, gray). A42 and U43 were also more flexible, as 

evidenced by their weaker electron densities. Furthermore, the two molecules in the 

asymmetric unit of the mutant crystal vary in this region, particularly at residue A42 (Figure 

3.7a). These observations echo the increased flexibility deduced by SHAPE. Whereas MA site 

coordination remains the same as in the wild-type, the A41U mutation and the subsequent 

changes in L3 conformation altered the metal coordination scheme at the MB site. It shares four 

of the phosphoryl oxygen contacts observed in the wild-type MB (G9, U39, C40, and C45). 

However, the backbone phosphate at U44 is shifted away and replaced by a water, which is 

clearly resolved in the 2.15 Å electron density (Figure 3.6d). The A41U substitution replaces the 

N7-metal contact with an O4-metal interaction, which approaches from a slightly different 

direction. Judging by the increased metal-ligand distance (2.08-2.15 Å in the wild-type but ~2.4 

Å in the mutant), and the coincidence of two strong Sr anomalous difference peaks at both sites 

(Figure 3.7b), we interpret that both MA and MB are mostly occupied by Sr2+ in the mutant 
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riboswitch. These findings support the conclusion that the A41U RNA has reduced specificity for 

Mn2+. 

The L3 loop sensor region melts in the Mn2+-free crystal structure  

Having observed one Mg2+ and one Mn2+ ion in the metal sensor region, we wished to 

determine if these two metal ions bind independently or cooperatively of one another. One 

way to address this is to compare the Mn2+-bound structure with an Mn2+-free one. Initial 

efforts to capture a Mn2+-free structure were unsuccessful for the L. lactis yybP-ykoY 

riboswitch. Therefore, we expanded our efforts to homologs and successfully determined a 3.0 

Å structure of the E. coli yybP-ykoY riboswitch in the Mn2+-free state. The overall architecture of 

these two riboswitches is similar (Figure 3.8a; Table 3.1) and in both structures a metal ion is 

coordinated by the equivalent phosphoryl oxygens at the MA site, consistent with the proposal 

that this site is occupied by Mg2+ at physiological condition. However, the MB site is largely 

collapsed in the Mn2+-free E. coli structure due to a lack of metal occupancy. This confirms the 

assignment of MB as the Mn2+ specific sensing site, and suggests that folding around the Mn2+ 

binding site is highly dynamic. In fact, residues A47-U51 in the L3 loop are in a completely 

different conformation from their equivalent residues (A41-U45) in the L. lactis structure. They 

are partially stabilized by a crystal contact in one monomer in the asymmetric unit of the 

crystal, but are mostly disordered in the other monomer lacking such a crystal contact (Figure 

3.8c, 3.9). Overall, this structural comparison suggests that the MA site may be occupied even in 

the absence of Mn2+ (presumably by Mg2+).  However, as suggested by the SHAPE analyses, 

Mg2+ binding alone is not sufficient to stabilize the inter-domain binding interface, and further 

binding of Mn2+ to MB is required. Without it, L3 becomes largely unstructured, L1 and P1.1 may 
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be more easily unfolded, triggering the formation of the alternative (termination) structure. A 

more careful conformational dynamics study is required to fully define these equilibria and any 

role of RNA folding kinetics in the decision making process of this riboswitch. 
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Figure 3.8. The Mn
2+

-free E. coli yybp-ykoY aptamer crystal structure. A) Overall superposition of the E. coli Mn
2+

-
free (blue) and L. lactis Mn

2+
-bound (gray) aptamer structures. The shifted L3 loop of the E. coli structure is in cyan. 

B) Secondary structure of the E. coli crystal structure, numbered according to wild-type sequence. C) Binding site 
close-up of the E. coli (teal) and L. lactis (gray) L3 loops. The L. lactis MA and MB are shown in cyan and magenta. 
Two Sr

2+
 ions from the E. coli structure, one at MA and one in a new site, are shown in green. The phosphoryl 

oxygens in the E. coli Mn
2+

-free structure equivalent to those that bind MB in the L. lactis Mn
2+

-bound structure are 
shown as enlarged red spheres. The MA binding site is circled in yellow. 
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Figure 3.9. Differences between the two monomers in the asymmetric unit of the Mn
2+

-free E. coli yybP-ykoY 
riboswitch structure. Molecule B (gray), shown in other figures, is stabilized by crystal contacts, particularly at L3. 
Molecule A (colored by temperature B-factors, with blue being low and red being highly flexible) displays marked 
flexibility around P2, P4 and the L3 loop. P2 and P4 could not be completely placed in the electron density. Both E. 
coli apo molecules differ from the L. lactis structure in their L1-L3 docking regions. 
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The L. lactis yybP-ykoY riboswitch regulates a P-type ATPase that protects cells against Mn2+ 

toxicity 

The yybP-ykoY motif is associated with a number of genes [37], most of which are 

heretofore uncharacterized. The finding that the yybP-ykoY element functions as a Mn2+-

sensing riboswitch provides hints for future functional characterization of these genes. Since 

the L. lactis yybP-ykoY riboswitch regulates a predicted P-type ATPase (YoaB), we predicted that 

it would function as a Mn2+ efflux pump like YebN [61]. To test this hypothesis, we tested the 

ability of YoaB to rescue Mn2+ sensitivity in B. subtilis using a zone-of-inhibition assay (Figure 

3.10). The yoaB gene was amplified from L. lactis and integrated into the B. subtilis genome 

under the control of an inducible promoter. Induction of YoaB synthesis in wild-type cells led to 

only a modest increase in resistance to Mn2+. However, wild-type B. subtilis is highly resistant to 

Mn2+ (at least 1 mM is required to inhibit growth) due to the tight repression of the two main 

Mn2+ uptake systems (MntH and MntABC) by the MntR repressor [124]. An mntR mutant strain 

constitutively expresses Mn2+ uptake transporters and therefore provides a suitable 

background for monitoring the ability of the putative YoaB efflux pump to confer Mn2+ 

resistance. As expected, the mntR mutant displayed a greatly increased zone of growth 

inhibition compared to wild-type. Significantly, this Mn2+ sensitivity could be largely rescued by 

induction of YoaB (Figure 3.10a,b). This is consistent with the expectation that the P-type 

ATPase, which is specifically induced by Mn2+, serves to export Mn2+ from cells, although future 

biochemical experiments will be required to test this hypothesis.  

  



 103 

Figure 3.10. Rescue of Mn
2+

 sensitivity in B. subtilis by the L. lactis yybP-ykoY-associated gene yoaB. Sensitivity to 
Mn

2+
 was monitored using a disk-diffusion (zone-of-inhibition) assay. Strains were tested for the diameter of 

growth inhibition on LB medium amended with 1 mM IPTG (induce YoaB expression) as elicited by exposure to 0.6, 
1.0, and 2.0 µmoles of Mn

2+
 spotted on a 6 mm diameter filter paper disk. Data shown are the mean of three 

independent biological replicates (each tested with at least three concentrations of metals). The strains tested 
were wild-type (closed triangles) and the mntR mutant strain (diamonds), wild-type carrying amyE::Pspac(hy)–yoaB 
(open circles) and the mntR mutant carrying amyE::Pspac(hy)–yoaB (closed circles). 
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3.4 Discussion  

The lack of identification of the physiologically relevant regulatory ligands for orphan 

riboswitches presents a major barrier to understanding the roles of these elements and, by 

extension, the many proteins under their control. Here, we demonstrate that the yybP-ykoY 

RNA motif is a Mn2+ riboswitch as monitored both in vitro and in vivo. Structural analyses, 

especially the comparison of the Mn2+ bound and free structures, provide insights into the 

series of molecular events leading to the Mn2+-dependent switching behavior. The ability of 

RNA to selectively discriminate and respond to Mn2+ in the cellular environment is remarkable 

in light of the fact that the chemically similar Mg2+ ion is present at mM levels in cells (10- to 

100-fold higher than Mn2+), and Mg2+ is widely appreciated for its ability to bind RNAs both as a 

general counterion and in specific binding pockets. Our structural studies reveal that Mn2+ 

sensing in yybP-ykoY is ultimately decided by the binding of a single Mn2+ ion at a strategic 

location of the riboswitch. In order to distinguish Mn2+ from a sea of Mg2+ and transition state 

metal ions, the yybP-ykoY riboswitch first creates two phosphate-rich pockets that attract metal 

ions. The metal binding process is apparently ion-radius sensitive, and is coupled with a 

complete dehydration process. Complete metal ion dehydration is rarely observed in RNA 

structures. It usually only occurs in the ‘business center’ of a structured RNA, such as in the 

active sites of the self-cleaving group I and II introns [127, 128].  The side-by-side, yet highly 

selective binding of a Mn2+ and a Mg2+ in yybP-ykoY is unprecedented and showcases the ability 

of RNA to discriminates Mn2+ from Mg2+. After dehydration, the yybP-ykoY riboswitch exploits 

the ability of Mn2+ to tolerate a softer ligand, the N7 of an absolutely conserved adenosine, 

among hard oxygen ligands in its octahedral coordination sphere, to sense the relative 
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‘hardness’ of the metal ions. The conformation dynamics of the riboswitch are fine-tuned, such 

that the conformation of the residues surrounding the Mn2+ binding site, and the stability of the 

docking interface, are critically dependent on Mn2+ binding. Discrimination from other metal 

ions is likely based collectively on their charge, intracellular free concentration, preferred 

coordination geometry and ligand hardness, and ionic radius (in the case of Ba2+ rejection). 

Riboswitches responding to other transition state metal ions may exist, and function along the 

same principle, by dehydrating the metal ion first, then chelating it with functional groups to 

satisfy the preferred coordination geometry and ligand hardness. Overall, the Mn2+ sensing 

mechanism in the yybP-ykoY riboswitch is conceptually similar to that of the fluoride riboswitch 

[129], where a single ion influences the stability of the riboswitch, but distinct from that of the 

M-box Mg2+ riboswitch, where multiple ions collectively influence the stability of the riboswitch 

structure [15].  

Interestingly, the overall architecture of this riboswitch broadly resembles that of the 

hairpin ribozyme at two levels [130] (Figure 3.9). This starts at the overall shape of the RNA, 

with two helical stacks connected at a four-way junction, except that the two helical stacks are 

more parallel and further apart in the Mn2+ riboswitch. Secondly, a cross-helix tertiary contact 

distal to the 4WJ further rigidifies the hairpin conformation. It is a Guanosine flip-out in the 

hairpin ribozyme that mediates cross-helix interactions to bring reactants into their correct 

orientation and distance for the self-cleavage reaction. The same base flip-out mechanism is 

present in the Mn2+ riboswitch (Figure 3.11), however, the cross-helix contact is significantly 

more extensive. The Mn2+-dependent stability of this docking interaction between L1 and L3 in 

yybP-ykoY critically influences the functional decision of the riboswitch, by preventing unfolding 
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of P1.1 to allow terminator formation. We hypothesize that, similar to the scenario in the 

hairpin ribozyme system [131], multiple conformational intermediates are involved in switching 

on the yybP-ykoY riboswitch, this is likely initiated by the cross-helix A-minor docking, and then 

strengthened by sequential binding of the two metal ions MA and MB. While MA is unselective 

and thus is most likely Mg2+ in vivo, MB is highly selective for Mn2+. This overall model is 

depicted in Figure 3.12. Further study of the conformational dynamics of this riboswitch is 

necessary to establish the thermodynamic and kinetic framework for this riboswitch. 

Our results may be reconciled with the previous characterization of the SraF/Alx leader as pH-

responsive riboregulator in several ways [113-115]. As mentioned, the pH response required 

additional sequence that does not appear with most instances of the yybP-ykoY motif. 

Additionally, these studies actually found that Mn2+ elicited a response, though it was 

interpreted as due to effects of Mn2+ on the pausing dynamics of RNA polymerase [114]. In light 

of the specific recognition of Mn2+ by the yybP-ykoY riboswitch shown in our work, this may be 

re-interpreted as Mn2+ acting directly through binding to the RNA. Interestingly, the original 

detection of SraF RNA in E. coli was found at what we now expect to be the terminated size 

[113]. 

The definition of the yybP-ykoY riboswitch as a Mn2+ responsive element enables 

improved functional predictions for the many genes regulated by this element. As a start, we 

demonstrate that the L. lactis YoaB protein, which our IVT and in vivo experiments predict to be 

induced by Mn2+, confers resistance to elevated levels of Mn2+ when expressed in a Mn2+-

sensitive B. subtilis strain. Since YoaB is bioinformatically predicted to be a P-type II ATPase, and 

our results are consistent with it functioning as an ATP-driven Mn2+ efflux pump. Other 
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examples of this family of riboswitches are also associated with genes encoding candidate 

metal pumps or other proteins with probable functions in metal ion homeostasis (Figure 3.13). 

In general, bacteria differ tremendously in their preference for Mn2+. Some bacteria, such as E. 

coli, seem to import relatively little Mn2+, although uptake may be induced by oxidative stress 

[132] or during host iron limitation [133]. B. subtilis, on the other hand, requires Mn2+ for 

growth and maintains cytosolic levels estimated to be in the range of ~10 µM [134]. L. lactis is 

representative of a small subset of bacteria (the lactic acid bacteria) that have largely dispensed 

with iron-dependent functions and have a very high cellular demand for Mn2+ [135]. It 

therefore seems likely that an efflux pump that protects L. lactis against Mn2+ toxicity may have 

a lower affinity for Mn2+ than the functionally equivalent proteins from organisms that maintain 

lower cytosolic Mn2+ levels. We speculate that this may be one reason why YoaB does not fully 

protect B. subtilis against Mn2+ toxicity.  

It will also be interesting to explore the natural variation of yybP-ykoY riboswitches in 

terms of their metal sensitivity, which likely correlates with the extent to which various bacteria 

prefer Mn2+ or with different thresholds of expression for the associated proteins. Additionally, 

the characterization of the yybP-ykoY aptamer’s as a Mn2+-sensitive folding may allow the 

development of RNA-based Mn2+-sensors. This would provide a tool for monitoring the real-

time fluctuations in free Mn2+ levels associated with changes in expression of uptake and efflux 

pumps and other homeostasis mechanisms. 
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Figure 3.11. Architectural similarity between the hairpin ribozyme and the L. lactis yybP-ykoY 
riboswitch. Both RNAs contain a four-way-junction (cyan) and a distal cross-helix tertiary contact (light 
purple), mediated in part by a base flip-out (red). Major differences exist in the topology of strand cross-
over at the four-way-junction, and a more extensive distal contact involving two dehydrated metal ions 
in the yybP-ykoY structure.
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Figure 3.12. Hypothesized conformational switching scheme in the yybP-ykoY riboswitch aptamer. In 
the absence of Mn2+, the riboswitch is in equilibrium between the undocked and docked conformation, 
mediated by the critical inter-helical A-minor interaction. Solution Mg2+ moderately stabilizes the docked 
conformation by mediating the L1-L3 interaction at MA site. Mn2+ binding to MB significantly stabilizes 
the L1-L3 interface, shifting the equilibrium toward the docked conformation.  
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Figure 3.13. Gene context and organization of selected genes with upstream yybP-ykoY family 
riboswitches. Searching using the key words yybP-ykoY yielded 240 hits that can categorized into three 
groups. A) Genes encoding a putative P-type ATPase type IIA.  B) TerC homolog YkoY. C) YybP and 
homologs. A few examples from each group were selected. The riboswitch aptamer is represented by a 
yellow box and putative terminators is represented by red circle and attenuators are represented by 
yellow and green circles. Analysis was done using Gene Context tool III 
(http://operons.ibt.unam.mx/gct3/index.jsp). 

 

 

 

  

http://operons.ibt.unam.mx/gct3/index.jsp
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3.5 Materials and Methods 

Constructs and Plasmids 

The sequences of the constructs used in the biochemical and crystallization 

experiments, as well as those of the DNA oligos used in the in vivo function analysis, are 

documented in Table S2.  

Selection 2’ hydroxyl acylation analyzed by primer extension (SHAPE) 

SHAPE was performed as previously described using the 1m7 derivatization reagent 

[108, 136, 137]. RNA constructs to be analyzed consisted of the L. lactis wild-type aptamer 

domain flanked by SHAPE flanking sequences (Supplemental methods) [108]. RNAs were in vitro 

transcribed from PCR templates and purified in the same manner as the crystal constructs. 

Purified RNAs were diluted to 300 nM in refold buffer (100 mM HEPES pH 8, 1 mM MgCl2, 100 

mM NaCl) before 1M7 derivatization as described [136]. Reverse transcription was performed 

with a 5’ Cy5-labeled reverse primer and products were separated on a on a 14% UreaGel. A 

ddTTP sequencing ladder (not shown) was run alongside the derivatized RNA to help identify 

bands. For the kd calculation, the combined intensities of bands around the 4-way junction 

(indicated on the gel) were quantified for each Mn2+ concentration with ImageJ. The data were 

fit using the Origin 8 data analysis software to the equation: y = min + (max - min)*x/(k + x), 

where y is intensity, min and max are the minimal and maximal intensities, x is the Mn2+ 

concentration, and k is the apparent Kd. 

In vitro transcription termination assays 

IVT termination assays were performed as described previously [138] with 

modifications.  Constructs consisted of wild-type sequence from the L. lactis yoaB UTR 
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(containing the yybP-ykoY aptamer domain and an intrinsic terminator) preceded by the 

Bacillus subtilis glyQS promoter.  RNA constructs were designed to initiate with an ApC 

dinucleotide, with no cytosines in the next 13 nt of transcript. Templates were produced by PCR 

and spin column purified.  To assemble stalled RNA polymerase complexes, a master mix (20 

nM template, 100 µM ApC dinucleotide, 1 mM DTT, 5% glycerol, 1 mM MgCl2, 0.15 µCi/µL  α-

32P ATP, 20 µM unlabeled ATP, 50 µM GTP, 50 µM UTP, and 0.008 U/µL E. coli RNA polymerase 

holoenzyme (Epicentre)) was incubated at 37° C for 15 min, then moved to ice. For 

synchronized transcription at each condition, 10 µL of stalled polymerase was mixed with 1.5 µL 

10X metal solution or water on ice, then 1.5 µL of 10X elongation buffer (4.5 mg/mL heparin to 

prevent re-initiation, 650 µM each of unlabeled ATP/CTT/GTP/UTP, 100 mM Tris pH 7.5, 2 mM 

DTT, 10% glycerol, 2 mM MgCl2) was added. Reactions were allowed to elongate for another 15 

min at 37° C, then 10 µL RNA loading dye was added (95% formamide, 20 mM EDTA pH 8, 

supplemented with xylene cyanol and bromophenol blue). 10 µL of transcripts were separated 

by 8% urea denaturing PAGE and analyzed by Phosphorimager. The sizes of the terminated and 

full-length products were confirmed by RNA ladder (not shown). Bands were quantified with 

ImageJ and each reaction was converted to the fraction of the total RNA in each reaction that 

was read through to full length. Since the concentration of ATP in the elongation step was 

significantly higher than in the initiation/stalling step, each molecule was assumed to be end-

labeled and no correction was made for the mass of the transcripts. The data were fit using the 

Origin 8 data analysis software to the equation: y = min + (max - min)*x/(k + x), where y is the 

fraction read through, min and max are the minimum and maximum readthrough fractions, x is 
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the concentration of MnCl2, and k is the concentration at which the change in readthrough is 

half maximal. Each assay was performed at least twice on separate days with similar results. 

RNA crystal construct preparation 

RNA constructs (Table 3.3) were cloned and produced as described previously [90, 136]. 

Sequences were cloned into the pUC19 plasmid and were preceded by a T7 RNA polymerase 

promoter and followed by the hepatitis δ virus ribozyme (HDV) sequence to produce 

homogeneous ends. (HDV self-cleaves at its own 5’ end, producing more consistent ends than 

does run-off transcription by T7 RNA polymserase.) Guanosine residues were added at the 

beginning of each to increase expression by T7 RNA polymerase.  Plasmid templates for 

transcription were prepared with Qiagen MegaPrep kits and linearized by restriction digestion 

after the HDV sequence. 10 mL in vitro transcription reactions were performed as previously 

[90]. RNA was then purified away from HDV, template, and other reaction contents by urea 

denaturing PAGE. The yybP-ykoY bands were eluted into water at 4° C overnight. RNA was 

buffer-exchanged to water and refolded at 2-5 µM by heating at 65° C for 10 min in 15 mL 10 

mM Na cacodylate pH 7, 50 mM NaCl, followed by the addition of 10 mM MgCl2 and (when 

appropriate) 0.1 ~ 2.5 mM MnCl2. RNA was left at 65° C for an additional two min and then 

placed on ice. Cooled samples were concentrated to 0.2 mM and then used for crystallization. 

Crystallization and Data Collection 

RNA constructs (Table 3.3) were screened for crystallization by hanging drop vapor 

diffusion at 0.1 and 0.2 mM RNA, at 21° C and 4° C, with 0, 0.1, or 2.5 mM MnCl2. Optimized 

conditions for the L. lactis Mn2+-bound yybP-ykoY riboswitch were: 0.18 mM RNA refolded with 

2.5 mM MnCl2 present, and a mother liquor of: 14% (+/-)-2-methyl-2,4-pentanediol (MPD) , 40 
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mM Na cacodylate pH 7.0, 80 mM NaCl, 20 mM BaCl2, 12 mM spermine tetra-HCl, at 21° C, with 

1:2 RNA: mother liquor drop ratio. For phasing, 20 mM Iridium Hexamine (IrHex) and 20% PEG-

400 were added to the crystals for 3 h prior to freezing. 

The L. lactis A41U mutant was refolded in the same manner as wild-type with 2.5 mM 

MnCl2 present. It crystallized at 0.1-0.2 mM RNA in ~2 months with a mother liquor of 40 mM 

Na cacodylate pH 6, 15% MPD, 80 mM SrCl2, 12 mM spermine tetra-HCl at 21° C. Crystals were 

cryo-protected by addition of 20% PEG-400 before freezing. 

The optimal E. coli Mn2+-free crystal conditions were 0.2 mM RNA solution with a 

mother liquor of 10% MPD, 40 mM Na cacodylate pH 7, 80 mM SrCl2, 20 mM MgCl2, 12 mM 

spermine tetra-HCl at 21° C. Native crystals were quickly cryo-protected in mother liquor plus 

20% ethylene glycol prior to flash freezing in liquid N2. 

Data were collected at either Cornell High Energy Synchrotron Source (CHESS) or the 

Advanced Photon Source (APS) 24 ID-C Northeastern Collaborative Access Team (NE-CAT), as 

indicated in Table 1.  Datasets were processed using HKL-2000 or by XDS as part of the NE-CAT 

RAPD pipeline. The L. lactis structure was phased by the single-wavelength anomalous 

dispersion (SAD) method from iridium using PHENIX AutoSol [100]. Since Sr2+ was in its crystal 

condition, the E. coli apo structure was phased by three wavelength multi-wavelength 

anomalous dispersion (3W-MAD) using Sr. The hkl2map interface for the SHELX suite was used 

[95, 139]. Final models were built by alternating rounds of manual building in COOT [96] 

followed by refinement in phenix.refine. RCrane was also used for model building [99]. 

Strains construction 
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Two L. lactis strains F01 AS 0043 and FSL W6 0449 were obtained from the Wiedmann 

lab (Food Science Department, Cornell University). yoaB ORF with its 5’-UTR region was 

amplified from L. lactis chromosomal DNA using primers Lactis yoaB-F/R, digested with 

endonucleases, and cloned into pPL82 under the Pspac(hy) promoter [140]. Plasmids were 

linearized by ScaI and used to transform B. subtilis, where they integrated into the amyE locus. 

To generate promoter lacZ  fusion, primers Lactis Mn ribo-lacZ-F/R were used to amplify the 

yoaB promoter region including the riboswitch and the coding region of the first 12 aa and 

cloned in pDG1663 vector [141]. Plasmid was linearized and integrated into B. subtilis at the 

thrC locus. 

β-galactosidase activity measurements 

For β-galactosidase measurement, two separate colonies were used to inoculate LB 

media and grown to OD600 of 0.3. Cells were treated with different metals and further 

incubated for 1 hour. Cells were collected and β-galactosidase activity was measured according 

to Miller (1972) [142]. 

Disc diffusion assays 

Susceptibility to different metals was tested using a disc diffusion assay as described 

previously [143].  Briefly, 100 µl of mid-exponential phase LB cultures were mixed with 4 ml of 

soft LB and poured onto solidified 15 ml LB plates. Different volumes (3, 5 and 10 µl) of 0.2M 

MnCl2 (99.99% pure) were added to a paper filler disc and placed on top of the agar plate. The 

plates were incubated at 37 °C overnight, and the zone of inhibition was measured. Data are 

the mean of three independent biological replicates (each tested with at least three 

concentrations of metals). 
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Table 3.2. Sequences of the RNA constructs and DNA oligonucleotides used in this study. 
IVT-Llac-WT gcgtcagcattgatttatattacgaagaatattcgggattgtatttaaaatcaaagcgctttttagatcaaatggaaagca

tgaaacaucttatgggtgaaaacaaaagttgacatttggtccatctttttatatgatcatttACAAAGGGGAGTAG
CGTCGGTAAGACCGAAACAAAGTCGTCAATTCGTGAGATTCTCACCGGCTTTGTTGACATAC
TTATGTATGTTTAGCAAGACCTTTGCCAGTTTTGATATCTGGCAGAGGTCTTTTTTTGTAAAA
CCTCTCATGATATCAGTTAGAAATAAAGGAGAATCATTATG 

IVT-Llac-A40U gcgtcagcattgatttatattacgaagaatattcgggattgtatttaaaatcaaagcgctttttagatcaaatggaaagca
tgaaacaucttatgggtgaaaacaaaagttgacatttggtccatctttttatatgatcatttACAAAGGGGAGTAG
CGTCGGTAAGACCGAAACAAAGTCGTCTATTCGTGAGATTCTCACCGGCTTTGTTGACATAC
TTATGTATGTTTAGCAAGACCTTTGCCAGTTTTGATATCTGGCAGAGGTCTTTTTTTGTAAAA
CCTCTCATGATATCAGTTAGAAATAAAGGAGAATCATTATG 

IVT-Llac-A40G gcgtcagcattgatttatattacgaagaatattcgggattgtatttaaaatcaaagcgctttttagatcaaatggaaagca
tgaaacaucttatgggtgaaaacaaaagttgacatttggtccatctttttatatgatcatttACAAAGGGGAGTAG
CGTCGGTAAGACCGAAACAAAGTCGTCGATTCGTGAGATTCTCACCGGCTTTGTTGACATA
CTTATGTATGTTTAGCAAGACCTTTGCCAGTTTTGATATCTGGCAGAGGTCTTTTTTTGTAAA
ACCTCTCATGATATCAGTTAGAAATAAAGGAGAATCATTATG 

SHAPE-Llac-wt ATAAGAATTCTAATACGACTCACTATAGGCCTTCGGGCCAACAAAGGGGAGTAGCGTCGGT
AAGACCGAAACAAAGTCGTCAATTCGTGAGATTCTCACCGGCTTTGTTGACATACTTATGTA
TGTTTAGCAAGACCTTTGCCGATCCGGTTCGCCGGATCCAAATCGGGCTTCGGUCCGGTTC 

Llac-ykoy-cryst-1 TTAAAgaattcTAATACGACTCACTATAGAAAGGGGAGTAGCGTCGGGAAACCGAAACAAAG
TCGTCAATTCGTGAGGAAACTCACCGGCTTTGTTGACATACGAAAGTATGTTTAGCAAGACC
TTTCCGGGCGGCATGGTCCCAGCCTCCTGCTGGCGCCGCCTGGGCAACATTCCGAGGGGAC
CGTCCCCTCGGTAATGGCGAATGGGACCggatcc 

Eco-ykoy-cryst-1 TTAAAgaattcTAATACGACTCACTATAGGATTTGGGGAGTAGCCGATTTCCGAAAGGAAAT
GTACGTGTCAACATACTCGTTGAAAAACGTGGCACGTACGGACTGAAGAAATTCAGTCAGG
CGAGACCATATCCGGGCGGCATGGTCCCAGCCTCCTGCTGGCGCCGCCTGGGCAACATTCC
GAGGGGACCGTCCCCTCGGTAATGGCGAATGGGACCggatcc 

Llac-cryst-A40U TTAAAgaattcTAATACGACTCACTATAGAAAGGGGAGTAGCGTCGGGAAACCGAAACAAAG
TCGTCTATTCGTGAGGAAACTCACCGGCTTTGTTGACATACGAAAGTATGTTTAGCAAGACC
TTTCCGGGCGGCATGGTCCCAGCCTCCTGCTGGCGCCGCCTGGGCAACATTCCGAGGGGAC
CGTCCCCTCGGTAATGGCGAATGGGACCggatcc 

Lactis yoaB-R GCGagatcTTAATGTTTTTCAAAAACGCCTTTA 

Lactis yoaB-F CGCaagcTTAGAAATAAAGGAGAATCATTATG 

Lactis Mn ribo-lacZ-F GCGaagctTCGAGAAGCTATTAAATTTATTAGA 

Lactis Mn ribo-lacZ-R CGCggaTCCTCTAAAACTTCATTGACGGA 
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Table 3.3 yybP-ykoY RNA crystal constructs screened and their associated genes 
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APPENDIX I: EXPANDING OUR UNDERSTANDING OF THE yybP-ykoY Mn2+ RIBOSWITCH: 

CONFORMATION DYNAMICS OF THE yybP-ykoY Mn2+ RIBOSWITCH 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Disclaimer: 
 This section represents a project in progress and is unpublished as of yet. As mentioned 
in the text, we have begun a collaboration with Krishna C. Suddala in Nils Walter’s lab at the 
University of Michigan, who performed the smFRET experiments and analysis.  
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A1.1. Introduction 

When studying riboswitches structurally, often the first area of investigation is the 

mechanism of ligand binding. As shown in the results of Chapter 3, we have begun a significant 

foray into this aspect of the yybP-ykoY Mn2+ riboswitch [18]. We showed how this riboswitch 

uses the available chemical moieties of RNA to bind Mn2+ and discriminate it from other metals 

by geometry, size, charge, and chemical hardness.  

However, as discussed in Chapter 2, understanding the conformation dynamics of 

riboswitches at the molecular level is also key to understanding their function. In this case, 

understanding “conformation dynamics” encompasses determining the various conformations 

that may be taken on during sensing/regulation, the dynamics of the transitions, and what 

aspects of the riboswitch control these functions. 

Figure 3.12 shows our current hypothesis for the overall conformation dynamics of this 

riboswitch aptamer, based on the previous crystal structures and biochemical experiments. Our 

model predicts that the aptamer domain, particularly the binding site loops, would be more 

flexible the absence of Mn2+, allowing unfolding of P1.1. This is supported by the E. coli Mn2+-

free crystal structure (Figure3.8), which shows relaxed L3 conformations that have lower 

electron density than those observed for the L. lactis Mn2+-bound structure. This is coupled 

with greater flexibility observed in this region (Figure 3.9).  

However, the process of Mn2+-dependent stabilization in this region still has many 

remaining questions. For example: Does Mn2+ bind by a conformation selection mechanism, 

induced fit, or some combination of the two? Is there a more detailed order of interactions 

made during Mn2+ validation? How flexible are the various parts of the binding region when 
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Mn2+ binds? We first gain some insight into this area by a new crystal structure of the 

Xanthomonas oryzae yybP-ykoY RNA with Mn2+, presented here. This structure showed 

significant variation in the metal-binding region, suggesting binding site flexibility and a 

hierarchy of metal contacts. 

Additionally, our overall conformation dynamics model has yet to be strongly supported 

in solution, where molecules are free to move and lack any artifacts from crystallization. In vitro 

chemical probing data on aptamer domains performed by both me (Figure 3.1) and Dambach et 

al. [19] failed to show more than relatively subtle Mn2+-dependent changes. For this reason, we 

next turn to smFRET to observe the dynamics of the conformations of X. oryzae aptamer in 

solution.  

In ongoing and future experiments, we plan to use the smFRET construct established 

here as a platform to study the contributions of various elements of the yybP-ykoY RNA and of 

metal ligand on the conformation dynamics and Mn2+ specificity. This will be done by 

mutational analysis and comparison of different ligands. Furthermore, the interplay between 

the dynamics of the aptamer and the downstream expression platform, is of ultimate functional 

importance, though it varies between species.  

A1.2 The X. oryzae yybP-ykoY structure contains two different binding region conformations 

Further work on the conformation dynamics of the yybP-ykoY riboswitch began with our 

determination of an additional Mn2+-bound yybP-ykoY aptamer domain from our original 

crystal screen, that of X. oryzae (Figure A1.1a). This species is an important rice pathogen and 

was the first species in which the YebN Mn2+ transporter was characterized and reported [144]. 

(Thus it was the finding that ultimately precipitated all of our current research on the Mn2+ 
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riboswitch, as no previous yybP-ykoY-associated genes had been characterized as involved in 

Mn2+ homeostasis.) 

As with the previous L. lactis structure, this RNA was modified slightly from its wildtype 

form for crystallization (see Methods section). Unfortunately, an error was made in its design, 

in which a CA dinucleotide was omitted from the sequence near the junction of P3.2 and P4 

(Figure A1.1a, red). However, this modification was distal from the Mn2+ binding site and we 

predict it is unlikely to affect the Mn2+ binding site. 

We did not expect find significant new insight from an additional Mn2+-bound yybP-ykoY 

structure. However, we were surprised to find it again contained two different conformations in 

the crystal lattice (Figure A1.1b,c). The two molecules are grossly similar to each other (overall 

RMS between the two molecules = 2.529, using PyMOL’s align tool). They display a similar 

secondary structure arrangement to the L. lactis structure, with a dual-coaxial stack 

arrangement connected at the top by a 4-way junction (4WJ). Additionally, both L1 regions are 

maintained in similar conformations and two ions are bound in each binding region.  

However, the regions surrounding the binding sites differ greatly between the two 

molecules (Figure A1.1b,c, A1.2). At an intermediate-zoomed level (Figure A1.1b), Molecule 1’s 

Mn2+ binding site is only slightly different from the previous L. lactis Mn2+-bound 

conformations, in that part of the backbone (U49, directly following the discriminating A 

residue) is flipped out, away from the stacked conformation observed for the equivalent L. 

lactis A42. However, all of the same metal contacts are made to the MB (Mn2+) site (Figure 

A1.2b, left).   
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Compared to Molecule 1 and L. lactis, Molecule 2 exhibited significant binding site 

differences. L3 is largely shifted away from P1.1 and, when aligned by L1, the MB site is moved 

by 2 Å relative to its position in Molecule 1 or L. lactis (Figure A1.1c). A metal ion is still bound 

at the Mn2+ site, but, concomitant with the shift in L3, more than half of the metal contacts are 

missing or changed (Figure A1.2c, left). Previous inner-sphere contacts (2.0-2.3 Å) to 

phosphates of C51, U52, and G9 are now too far, at 6.8, 5.8, and 4.4 Å, respectively. (Missing 

contacts are shown as red dotted lines.) Puzzlingly, the electron density suggests that the 

binding site A48 is flipped relative to its previous orientation, now orienting its N1, rather than 

N7, toward the ion. 

Though Molecule 1 contains a fully-bound MB (Mn2+) site, its MA site is different from 

the L. lactis MA (Figure A1.2b, right). Inner-sphere contacts to the phosphoryl oxygens of G8 and 

A10 (shown as red lines) are lost. However, it is likely that G8 is maintained as an outer-sphere 

contact through bound water. Molecule 2 also differs at the MA site, with the U52 inner-sphere 

phosphoryl oxygen contact lost (increased to 6.6 Å). 

Since this dataset was collected at the Sr K-edge wavelength (0.769 Å), we can observe 

anomalous signal from Sr2+ ions in the crystal. Mn2+ signal should be minimal at this 

wavelength. At 4 σ (a relatively low threshold), there is modest signal at the Molecule 2 MA site 

(Figure A1.2c), suggesting at least partial occupancy by Sr2+. However, there is no occupancy 

seen at any of the other MA or MB sites, despite there being external sites with strong 

anomalous signal (Figure A1.3). This suggests that the Molecule 2 MB site, despite lacking 

several contacts, is still discriminating by geometry; the Sr2+ ionic radius is 2.4 Å, compared to 

the smaller Mn2+ (2.2) or Mg2+ (2.1). Mg2+ cannot be differentiated from Mn2+ at the 
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wavelength and resolution of this structure, but the presence of the A48 N1 coordination could 

still lend some selectivity.  

What are the reasons for these different conformations found in the X. oryzae crystal? 

Initially I considered, that the relatively high (80 mM) SrCl2 in crystal condition could be 

replacing Mn2+ with Sr2+ at the sites. However, as mentioned, anomalous signal shows that the 

MA and MB do not contain measurable Sr except for Molecule 2 MA, which is still less than distal 

sites (Figure A1.3). Also, the previously-reported E. coli Mn-free structure contained the same 

concentration of Sr2+ but bound no MB metal. Similarly, a preliminary dataset from an L. lactis 

yybP-ykoY crystal that grew with Sr2+ present showed no such binding site distortion (structure 

not reported). Thus, an Sr2+- specific effect seems to be unlikely unless it is species-specific. It 

could also be the result of normal species-to-species variation. We also cannot rule out the 

effect of the CA deletion on the binding site, despite its distal location. Likewise, crystal 

contacts can induce non-native conformations. However, we cannot clearly identify crystal 

contacts near the binding regions that clearly appear to be stabilizing distorted conformations. 

Lastly, these unexpected conformations in the crystal could simply be the result of 

natural flexibility in the binding region, even when Mn2+ is bound. Such conformational 

flexibility and variability is common for RNA. If this is the main reason, it brings up the 

possibility that some even further possible contacts are missing from the L. lactis structure (for 

example, further dehydration of the MA site by neighboring phosphoryl oxygens).  

Together with previous structures, these findings shed light on local binding site 

dynamics of the yybP-ykoY riboswitch. It appears that individual phosphate-metal coordinations 

may not be critical when in the context of many other concurrent interactions. 
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Figure A1.1 The X. oryzae yybP-ykoY riboswitch structure with Mn2+. A.) Secondary structure of the X. 
oryzae crystal construct. A CA dinucleotide is missing between G73-A74 (red). The two molecules in the 
asymmetric unit are overall fairly similar. However, they differ dramatically at the metal binding sites 
(exposed regions in images). B.) Molecule 1 (orange) is similar to the L. lactis structure (green) at the 
Mn2+ binding site. All the same metal contacts are made, though U49, away from the Mn2+ site, is shifted 
(red dotted arrow. C.) Molecule 2 (cyan) differs from the L. lactis/molecule 1 conformation. A metal is 
still bound at the Mn site, but only half of the metal contacts are made, and the binding site A48 is 
flipped (orange dotted arrow) to expose N1 rather than N7. U49 (brown arrow), A50 (magenta arrow), 
C51 (gray arrow), and U52 (chartreuse arrow) are all significantly shifted from the previously-reported 
Mn-bound conformation. Detailed metal site comparisons are shown in Figure A1.2. 

A.        B. 
  
 

 
 
 
 
 
      
        C.  
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Figure A1.2. Comparison of X. oryzae and L. lactis yybP-ykoY Mn2+ riboswitch metal binding sites. 
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Figure A1.3. Overall ions and anomalous sites for the X. oryzae yybP-ykoY riboswitch crystal 
construct. Molecule 1 (A, orange) and molecule 2 (B, cyan). Total ions include 2 Mn2+ 
(magenta), 45 Mg2+ (or Mn2+) (black), and 9 Sr2+ (green). The anomalous difference map, 
collected at XXX Å, is shown in pink mesh at level 4 σ. Placement of Sr2+ ions was determined by 
anomalous map and/or high electron density. Since Mn2+ has minimal anomalous signal at this 
wavelength and it is similar in ionic radius to Mg2+, it could not be differentiated from Mn2+. 
Thus, Mn2+ (2.5 mM in the crystal) could partially or fully occupy sites denoted as Mg2+ (30 mM 
in the crystal). Binding site Mn2+ were predicted to be so based on previous analysis of the L. 
lactis structure, but were not confirmed by this structure. 
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Figure A1.4. Overall comparison of molecules 1 and 2. When aligned by L1, there is also a shift 
of the P3/P4 helical stack between molecules 1 (orange) and 2 (cyan).  The L. lactis structure 
(not shown) is intermediate but more similar to molecule 1 when aligned in this way. G73-A74, 
between P4 and P3.1, (where an additional CA would be in wild-type) is shown in red in each. 
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Table A1.1 Preliminary crystallographic refinement statistics for the X. oryzae aptamer 
structure 
 

 X. oryzae Mn(2+) 

Beamline APS 24 ID-C 

Wavelength (Å) 0.7690 

Resolution range (Å) 85.19-2.97 (3.13-2.97) 

Space group P 21 21 21 

Unit cell 81.30   85.17   92.46   
90.00° 90.00°  90.00° 

Total reflections 103738 (14791) 

Unique reflections 13807 (1965) 

Multiplicity 7.5 (7.5) 

Completeness (%) 100.0 (99.9) 

Mean I/sigma(I) 14.1 (1.6) 

Wilson B-factor 83.09 

R-merge 0.101 (1.267) 

R-meas 0.108 (1.361) 

CC1/2 1.000 (0.746) 

R-work 0.207 

R-free 0.220 

Total non-hydrogen atoms 4342 

    macromolecules 4279 

    ligands 56 

    water 7 

RMS(bonds) 0.015 

RMS(angles) 0.49 

Clashscore 4.01 

Average B-factor  

    macromolecules  

    ligands  

    solvent  

Figures in parentheses indicate statistitcs for the highest resolution shell. 
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A1.3. smFRET to elucidate the dynamics of the yybP-ykoY Mn2+ riboswitch 

Our crystallographic efforts have only focused on the aptamer domain, which has taken 

on a largely similar conformation in all instances, with relatively modest shifts (Figure A1.4) 

except for nucleotides in the Mn2+ binding region. It may be that when the RNA is limited to the 

aptamer domain, this is the only stable conformation that has a significant population. 

“Unfolded” conformations, while present, could be less defined and more variable, hindering 

their crystallization. Thus, we wanted to use techniques capable of observing these other 

states. 

Inspired by the success with smFRET on the SAM-III riboswitch, we have decided to 

pursue smFRET in order to access the larger-scale dynamics of the yybP-ykoY RNA in solution. 

For this project, we are collaborating with Krishna Suddala in Nils Walter’s lab at the University 

of Michigan. For the smFRET portion of this project, Krishna, Ailong Ke, Nils Walter, and I all 

participated in experimental design, I performed initial refolding attempts, and Krishna 

performed all smFRET analysis. 

Design 

We designed an smFRET construct for the X. oryzae aptamer domain (Figure A1.5). For 

this analysis, the missing CA was replaced to make the sequence more like wild-type. P4 was 

lengthened by 2 bp in order to stabilize it. Using our crystal structures as guides, Cy3 donor and 

Cy5 acceptor fluorophores were attached at the base of P1.1 and the end of P3.2, respectively. 

This arrangement was predicted to maximize the difference in distance between the sites due 

to stabilization of the binding region.  
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The first 4-strand construct design used did not produce a significant portion of fully-

assembled construct under several refolding procedure (not shown). Thus, we redesigned a 

new, bimolecular smFRET construct that gave a significant fraction assembled (Figure A1.6).  

Summary of preliminary smFRET results 

Representative results from Krishna Suddala’s initial smFRET analyses are shown in 

Table A1.2 and Figure A1.7. Krishna found that the bimolecular construct assembled well in 

smFRET experiments as well, with 50% of the bound RNA having both Cy3 and Cy5 

fluorophores. In summary, the riboswitch was found to take on two main states: First, a high-

FRET efficiency, indicating a compacted “docked” conformation, and an extended low-FRET 

“undocked” state. With no divalents, it was found that the riboswitch remains in the undocked 

state and cannot sample the docked state (Figure A1.7, top). With Mg2+ present, but no Mn2+, 

the RNA is able to sample high-FRET docked state, presumably due to docking of the L1 and L3 

regions together due to Mg2+ binding (Figure A1.7, middle). When Mn2+ is added, the 

proportion of molecules in the docked state increases (Figure A1.7, bottom), due mainly to a 

decrease in the kundock undocking rate (Table A1.2). This suggests that Mn2+ binding captures 

and stabilizes the docked state, increasing its lifetime. This agrees with a model in which the 

transcriptional riboswitch is kinetically controlled: If Mn2+ is present, it traps the RNA in the 

docked state, and it is unlikely to “undock” to allow terminator formation within the “sensing 

window” before the polymerase is beyond the termination decision point.  

 An increase in Kdock and decrease in Kundock can also be seen from addition of only Mn2+ 

(Table A1.2), suggesting that it can also bind to the MA (“Mg2+”) site. This was predicted from 
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the crystal structure, since there is no obvious mechanism (or reason) for MA to select against 

Mn2+.  

 Interestingly, there are always two populations, whose behaviors differ in their Kdock and 

Kundock. Molecules are not observed to switch between populations in their behaviors during the 

time scale of the experiment. The significance of these two populations is still an area of 

investigation. It could possibly be a difference in folding. The effects of Mg and Mn on these 

populations’ behavior are similar, in that Kundock decreases with Mn and Kdock increases with Mn. 

This suggests both can bind to Mn. 

Ongoing work and future directions for conformation dynamics of yybP-ykoY: 

 In the future, I plan to confirm binding of Mn2+ to the X. oryzae binding sites in the 

crystal structure by observing the Mn anomalous signal. I have also recently been able to 

crystallized this RNA in the absence of Sr2+, which, if it yields a structure, could allow us to rule 

out or confirm Sr2+ as a causative factor for the partially unfolded states observed. It could also 

be interesting to observe the X. oryzae aptamer without the CA delection. Additionally, I have 

also determined the structure of the Thermoanaerobacter ethanolicus yybP-ykoY aptamer 

domain in the presence of Mn2+ at 3.4 Å resolution. Interestingly, this crystal contained 6 

different molecules, which could hold more binding-site idiosyncrasies. However, this structure 

has not been fully built yet and awaits better-resolution data.  

While the current smFRET analysis of the X. oryzae yybP-ykoY aptamer domain is still in 

progress, it has already provided intriguing results. We also plan to observe the effects of Mn2+ 

on the aptamer dynamics in the presence of an oligo that can base-pair with P1.1, which would 

imitate the alternate structure of the transcription terminator. A binding-site mutant construct 
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(Figure A1.5), in which the critical A is mutated to a U, will also be observed in smFRET to 

examine if the metal specificity is due solely to this nt, or if other factors are involved. 

High-resolution biochemical experiments such as 2-aminopurine fluorescence 

experiments could also be used to study the dynamics of individual bases within the riboswitch. 
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Figure A1.5 smFRET construct design. A.) The RNA oligos used for the original 4-strand smfRET 
construct and the redesign 2-strand bimolecular construct. B.) Secondary structure designs of 
the 4-strand and bimolecular constructs, showing attachment sites of the Cy3 (blue star) and 
Cy5 (red star) fluorophores and the biotin (brown) used for attachment to the smFRET flow cell 
surface. Fluorophores were placed at the ends of P1.1 and P3.2 to maximize any distance 
change due to Mn2+-induced stabilization.  

A. 
 
 
 
 
 
 
 
 
 
 
 
 

B.  

Original 4-strand construct 

1: AUCCUUGGGGAGUAGCCUGCUUUCG 

2: CGAAAGCGCCUGUAUCAACAUACUCGGCAU 

3: Cy3-AUGCCGUGGUGCAGGcaACGGCGuuAuu-biotin 
4: CGCCGUCUGGCGAGACCAGGGAU-Cy5 

 
Redesigned bimolecular construct 
1: 5’-Cy3-AUCCUUGGGGAGUAGCCUGCUUUCUUCGGAAAGCGCCUGUAUCAACAUACUCGGCUA-3’ 
2: 5’-Cy5-UAGCCGUGGUGCAGGcaACGGCGAAAGCCGUCUGGCGAGACCAGGGAU-tether-Biotin 

 

  For A48U Mutant: 
   5’-Cy3-AUCCUUGGGGAGUAGCCUGCUUUCUUCGGAAAGCGCCUGUAUCAACUUACUCGGCUA-3’ 

Bimolecular 

 

4-strand 
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Figure A1.6. Native PAGE on representative refolds of smFRET oligos. Shown for the bimolecular X. 
oryzae smFRET construct. The left and right panels are the same except for the addition of 2 mM Mg2+ 
during each refold on the right. Samples a-d are described as follows: a) 1 uM oligo 1 refolded alone 
b)1.5 uM oligo 2 refolded alone c) 1 uM oligo1 + 1.5 uM oligo2 refolded together d) a +b refolds 
combined after cooling to RT. Refold was done as described in methods. The gel was scanned by 
exposure with the indicated “excitation” wavelength laser to excite either the Cy3 or Cy5. Then either 
Cy3 (580 nm) or Cy5 (670 nm) emission filters were used to observe fluorescence. The top panels, which 
maximize FRET detection by exciting Cy3 and observed Cy5 emission, show that, only when heat-
refolded together, oligos 1 and 2 combine to produce a product of new size (red asterisk) that appears 
to undergo FRET. The assembly is dependent on Mg2+ presence during refolding, as this band is fainter 
without it, even though Mg2+ is in the gel and running buffer. A faint band at similar size is seen when 
oligo 1 is refolded alone, but it runs slightly higher.  
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Table A1.2. Preliminary docking and undocking rates for the X. oryzae  bimolecular smFRET construct 
under different conditions (Krishna Suddala). Two differently-behaving dynamic populations of RNAs 
were observed, which Krishna termed “dynamic docked” and “dynamic undocked”. Both increase in 
docking rate  with increasing Mg2+. Addition of 0.1 mM Mn2+ over 1 mM Mg  
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Figure A1.7. Preliminary smFRET data. (Krishna Suddala). Distribution of FRET states in the 
presence of no divalents (top), Mg2+ (middle), or Mg2+ and Mn2+ (bottom). 
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A1.4. Methods 

RNA preparation and crystallization 

As described for the L. lactis and E. coli constructs, the X. oryzae aptamer domain 

sequence was altered for crystallization, including replacing the terminal loops in variable 

regions with GAAA tetraloops and adding a GG at the beginning of the sequence to increase T7 

RNA polymerase efficiency [145]. We also removed a single U flip-out near the base of P1.1. For 

this construct, an error was made in which a CA dinucleotide (Figure A1.1a, A1.4) was omitted 

from the sequence. RNA was cloned, transcribed, purified, refolded with Mn2+, and screened 

for crystallization in the same manner described for the L. lactis crystal construct in Chapter 3. 

This RNA crystallized at ~0.2 mM in 10% MPD, 40 mM Na Cacodylate pH 7, 12 mM Spermine 

tetrahydrochloride, 80 mM SrCl2, and 20 mM MgCl2 after 2-3 months at 20° C. 

X-ray data collection and structure building 

A 2.85 Å resolution X-ray diffraction dataset was collected at NE-CAT beamline 24-ID-C 

at APS, at 0.769 Å wavelength, in order to use the Strontium K-edge for phasing. An additional 

dataset was collected at a remote wavelength (0.7749 Å) for SIRAS, but was not needed for 

phasing. An initial solution was achieved by molecular replacement, using the central region of 

the L. lactis structure followed by finding portions of external helices. This partial solution was 

then used for MR-SAD in AutoSol in the Phenix suite, to find Sr sites and get an initial electron 

density map. Alternating rounds of building in Coot and refinement with phenix.refine, with 

intermittent re-solving/density modification with AutoSol were used to build the final model 

(Table A1.1). 

smFRET construct preparation 
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RNA oligos (Figure A1.5) with indicated modifications were ordered from IDT. The 

optimal refold procedure determined was a 1 mixture of 1 uM oligo 1: 1.5 uM oligo 2 in 20 mM 

HEPES pH 7.0, 50 mM KCl. In PCR tubes, samples were heated to 70° C for 2 min, then 2 mM 

MgCl2 was added, samples were removed and allowed to cool to RT for 10 min, then put on ice 

until loaded to gel and/or shipped to Krishna Suddala for smFRET analysis. ~1 pmol each oligo 

(1-2 uL) was added to 10 uL running buffer + 10% glycerol and loaded to 8% PAGE gel at 4° C. A 

solution of 0.5x TBE + 2mM MgOAc2 + 50 mM KCl was used in gel and as the running buffer.  
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APPENDIX 2: USE OF THE yybP-ykoY RIBOSWITCH AS A FLUORESCENT Mn2+ SENSOR 

 

A2.1: Introduction 

 The ability of riboswitch aptamers to sense ligands in cells makes them attractive targets 

for the design of sensors to directly measure concentrations of intracellular ligands. Such 

sensors could conceivably facilitate study of ligand dynamics in diverse metabolic processes, 

cell-to-cell signaling, metal homeostasis, or any pathways connected to riboswitch ligands.  

The identification of yybP-ykoY as a Mn2+ riboswitch makes it particularly useful, as 

other methods for Mn2+ sensing, such as transcription factor-dependent reporter genes or 

atomic absorption [19] lack time resolution or require killing the cells.  Furthermore, Mn2+ is 

known to play important roles in a variety of processes, such as in bacterial oxidative stress, 

iron stress, or even pathogenesis [124]. However, questions remain in the mechanisms of its 

regulation and toxicity. Mn2+ also plays an important role in nitrogen fixation, and is responsible 

for the condition manganism in cases of chronic exposure. 

The Spinach RNA was evolved in vitro to bind and induce fluorescence of the GFP-mimic 

small molecule fluorophore DFHBI (Figure A2.1) [146].  Spinach-riboswitch fusions, in which 

fluorophore binding is mad dependent on riboswitch ligand binding, have been shown to work 

in principle for several metabolites, including SAM, c-di-GMP, and others [147, 148]. This 

method allows real-time readout of ligand-dependent riboswitch states, with the potential for 

better temporal resolution than other riboswitch-based methods, methods such as riboswitch-

dependent reporter genes. Here, I present my preliminary designs, results, and optimization for 

a yybP-ykoY-Spinach Mn2+ sensor. 
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A2.2 Design of yybP-ykoY –Spinach fusions for Mn2+ sensing 

We designed a Spinach-based fluorescent Mn2+ sensor using on the E. coli yybP-ykoY 

aptamer from the yebN leader. The basis of our design is shown in Figure A2.1. Based on the 

crystal structures, the stability of L1 and P1.1 of the yybP-ykoY aptamer (orange, left) is 

predicted to be dependent on Mn2+ concentration. Thus, by attaching the bottom of L1 (orange, 

center and right) to the binding site of DFHBI (red) in Spinach (green) by a short linker helix of 

varying length (magenta), the binding and fluorescence of DFHBI could be coupled to Mn2+ 

binding (right). This design was inspired by similar designs by [147] and [148].  

Indeed, we received positive results in initial in vitro tests, with increasing Mn2+ 

concentrations translating to increased fluorescence (Figure A2.2 shows representative results 

from a construct containing a 3-bp linker). Furthermore, we observed a half-maximal response 

at ~10 uM Mn2+ for this construct, approximately the expected Kd for the E. coli riboswitch and 

near the predicted intracellular Mn2+ concentration for E. coli [124]. This suggests that the 

dynamic range of the sensor should conveniently match up with relevant changes in 

intracellular Mn2+, though intracellular conditions may shift this range. 

However, when tested in vivo, these initial Spinach fusion constructs showed weak 

fluorescence, and it was difficult to detect their fluorescence in either bulk or single-cell 

microscopy measurements over the noise of cellular autofluorescence (not shown). Constructs 

were thus redesigned based on the new “Broccoli” RNA [3]. Broccoli is a stabilized version of 

Spinach that functions by the same principles and shares a similar structure, but was shown to 

be several times more efficient at inducing fluorescence. We also attached a tRNA “platform” at 

the base of the Broccoli RNA to increase stability. Additionally, we tried a newly designed 
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fluorophore, DFHBI-1T, which was reported to give enhanced fluorescence [3]. Based on these 

concepts, several of such “tBroc” constructs with were designed 1-5 bp transducer regions.  

The first found of tBroc constructs show enhanced brightness over our Spinach-based 

constructs (Figure A2.3). In initial qualitative assays, the tBroc-based sensors with intermediate 

(1-3 bp) linkers maintain specific Mn2+ sensing over Mg2+ (Figure A2.3a). As seen for the 5bp-

linker construct, a longer transducer can stabilize the fluorophore binding site in the absence of 

Mn2+.  

The redesigned “tBroc” constructs, when used with DFHBI-1T, were bright enough to 

allow preliminary in vivo microscopy measurements, suggesting they could be useful for 

physiological studies. Figure A2.4b compares fluorescence of “wild-type” BL-21 cells (top) to the 

K-12 ΔmntR cells, which were previously shown to harbor high levels of Mn2+ [116]. Indeed, the 

ΔmntR cells exhibited increased fluorescence. This in vivo imaging of the sensors is still 

somewhat crude, and sensors are not very robust to varying conditions. However, these initial 

results are promising.  

The most significant hurdle encountered with the tBroc constructs is that they take too 

long to respond to Mn2+. Figure A2.3c, left, shows several tBroc constructs in vitro with DFHBI-

1T after addition of Mn2+. As can be seen for the 2bp construct, even after 45 min, the 

fluorescence response to Mn2+ is minimal, though it stabilizes after several hours and is 

maintained for days. Thus, several more rounds of optimizations were done. It was realized that 

a potential misfolding interaction between the top of the Broccoli construct and the tRNA 

scaffold could be slowing the switching kinetics. When this misfolding potential was removed 

from constructs (“round 3”, Figure A2.3c, middle), they switched on immediately, but were 
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constitutively on regardless of Mn2+ concentration. Further attempts to destabilize the linker 

region in this background (“round 4”, Figure A2.3c, right) produced minimal improvement. 

Ongoing efforts are aiming to optimize both the switching rates and sensitivity by further 

sensor redesigns. 

A2.3 Conclusions 

We have yet to achieve a Mn2+ sensor based on the yybP-ykoY riboswitch and 

Spinach/Broccoli that is both fast and sensitive. However, we have promising results that 

suggest we are on the right track and can achieve an appropriate combination of specificity and 

switching rate with further sequence optimization. One idea is to design a sensor in which the 

riboswitch’s native expression platform is maintained, presumably with its pre-optimized 

switching kinetics. Additionally, constructs may need to be optimized for individual experiments 

or cell types before use in experiments. Once a sensor is achieved that works well in vivo, there 

are many areas is could be applied to, including an array of potential Mn2+, Fe, and oxidative 

stress-associated genes in E. coli. 
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Figure A2.1. Rational design of a Spinach/Broccoli-yybp-ykoY fusion for Mn2+ sensing.  Left: 
Secondary structure of the yybP-ykoY aptamer domain, with L1 and P1.1 shown in orange. 
Center, right: The bottom of L1 (orange) is connected to the top of the binding site of DFHBI 
(red) in Spinach (green) by a short transducer helix (magenta). We predict this will couple the 
binding (and fluorescence) of DFHBI to Mn2+ binding.  
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Figure A2.2. Initial in vitro fluorescence spectrophotometer measurements with a 3-bp 
Spinach-E. coli yybP-ykoY fusion show Mn2+-specific fluorescence induction. Metals were 
titrated into a solution of RNA in 20 mM HEPES pH 7.5, 50 mM NaCl, 1 mM MgCl2, and 10 uM 
DFHBI. Relative fluorescence (excitation 488 nm, emission 532 nm) was measured 1 minute 
after each addition of metal. These measurements were performed with help from Fran Ding 
using equipment owned and generously provided by the Gerald Feigenson lab. 
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Figure A2.3. Ongoing optimization of Broccoli fusion constructs. A) Round 1 redesigned 
constructs based on “tBroc”: the Broccoli RNA and with a tRNA platform for stabilization and 
the improved DFHBI-1T fluorophore. B) In vivo microscopy on E. coli strains BL-21 
(approximating wild-type) and ΔmntR. Cells were grown over night in LB, then aliquots were 
transferred M9 +200 uM DFHBI-1T 45 min before imaging. C.) In vitro screening of tBroc-
riboswitch fusions for Mn2+ sensitivity and response time.  

A.      B. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C. 
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