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Abstract

The ykkC RNA motif was a long-standing orphan riboswitch candidate that has recently been 

proposed to encompass at least five distinct bacterial riboswitch classes. Most ykkC RNAs belong 

to the subtype 1 group, which are guanidine-I riboswitches that regulate the expression of 

guanidine-specific carboxylase and transporter proteins. The remaining ykkC RNAs have been 

organized into at least four major categories called subtypes 2a through 2d. Subtype 2a RNAs are 

riboswitches that sense the bacterial alarmone ppGpp, and typically regulate amino acid 

biosynthesis genes. Subtype 2b riboswitches sense the purine biosynthetic intermediate PRPP, and 

frequently partner with guanine riboswitches to regulate purine biosynthesis genes. In the current 

study, we examined ykkC subtype 2c RNAs, which are found upstream of genes encoding 

hydrolase enzymes that cleave the phosphoanhydride linkages of nucleotide substrates. Subtype 2c 

representatives mostly recognize adenosine- and cytidine-5ˊ-diphosphate molecules in either their 

ribose or deoxyribose forms (ADP, dADP, CDP, and dCDP). Other nucleotide-containing 

compounds, especially nucleoside-5ˊ-triphosphates, are strongly rejected by some members of this 

putative riboswitch class. High ligand concentrations in vivo are predicted to turn on expression of 

hydrolase enzymes, which presumably function to balance cellular nucleotide pools. These results 

further showcase the striking functional diversity derived from the structural scaffold shared 

among all ykkC motif RNAs, which has been adapted to sense at least five different types of 

natural ligands. Moreover, riboswitches for nucleoside diphosphates provide additional examples 

of the numerous partnerships observed between natural RNA aptamers and nucleotide-derived 

ligands including metabolites, coenzymes and signaling molecules.
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INTRODUCTION

A bacterial noncoding RNA (ncRNA) motif called ykkC, originally reported in 2004,1 was 

proposed to represent the highly-conserved aptamer domain of a riboswitch candidate.1,2 

Riboswitches3–6 almost exclusively reside in the 5ˊ-untranslated regions (UTRs) of the 

bacterial mRNAs whose expression they control. Likewise, ykkC motif RNAs are always 

found in the 5′ UTRs of mRNAs for certain types of genes, which strongly suggests a 

regulatory function. Furthermore, the putative aptamer domains represented by the original1 

consensus sequence and secondary structure of ykkC motif RNAs are commonly associated 

with identifiable expression platform structures,7 which interact with specific cellular 

components to regulate gene expression in a manner dictated by the ligand occupancy state 

of the aptamer. Thus, ykkC motif RNAs were considered to be excellent ‘orphan’ riboswitch 

candidates1,2,8 because they were predicted to function as riboswitches, but the natural 

ligand for any of its numerous representatives that triggered gene regulation remained 

unknown for over a decade.

Our continued experimental pursuit of ykkC orphan riboswitches was motivated in part by 

the prospect that the elusive ligand would have an important, but likely unknown or 

underappreciated, role in bacteria. Representative ykkC motif RNAs are both abundant and 

widespread in bacteria, suggesting that these riboswitches would sense a ligand that was 

broadly important to many bacterial species. Another motivating factor was the discovery of 

two additional RNA motifs, named mini-ykkC9 and ykkC-III,10 that are associated with 

many of the same types of genes as the original ykkC motif. Like these two additional 

orphan riboswitch candidates, most of the original ykkC motif RNA representatives are 

located upstream of genes encoding proteins annotated as urea carboxylases and small 

multi-drug resistance transporters.1,2,8 This suggested that the ligands for ykkC, mini-ykkC, 

and ykkC-III would all be solved if the ligand for any individual class could be identified.

Eventually guanidine, a common protein denaturant and chaotropic agent, was found to 

activate expression of a ykkC riboswitch-lacZ reporter gene fusion construct by testing a 

library comprised of different growth media conditions.8 Further experiments demonstrated 

that guanidine, likely in its guanidinium cation form, binds to certain ykkC motif RNAs in 
vitro. High-resolution x-ray crystal structures11,12 revealed a specific guanidine binding 

pocket is formed by distal groups of nucleotides within the aptamer domain. Guanidine is 
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toxic to bacteria at high concentrations, and its build-up is sensed by guanidine-responsive 

RNAs from the original ykkC orphan riboswitch collection, now called guanidine-I 

riboswitches, to activate the expression of genes whose protein products mitigate toxicity.8 

For example, guanidine-I riboswitches most commonly activate the expression of guanidine 

carboxylases8 (previously annotated as urea carboxylases13) to deplete cellular guanidine 

levels and diminish its toxic effects. These riboswitches also commonly activate the 

expression of genes encoding guanidine exporters8,14 (previously annotated as small multi-

drug resistance transporters15,16). Likewise, members of both the mini-ykkC and ykkC-III 

RNA classes were also found to specifically recognize guanidine and thus were renamed 

guanidine-II17 and guanidine-III18 riboswitches, respectively.

Unlike most other riboswitch classes, validation efforts for the original ykkC motif RNAs 

were not complete when guanidine was identified as a ligand. Whereas most ykkC motif 

RNAs specifically recognize guanidine and regulate genes involved in guanidine 

detoxification, approximately 30% of all RNAs that were originally identified to be part of 

the ykkC motif collection almost certainly do not bind guanidine.8 This subset of ykkC 
motif RNAs, termed ykkC subtype 2, carries distinct nucleotide changes in regions of the 

aptamer that otherwise form the binding pocket for guanidine. Additionally, these variant 

RNAs associate with genes involved in processes unrelated to guanidine biology. Further 

analysis of the RNA sequences and consensus models of ykkC subtype 2 RNAs, and the 

assessment of the diverse types of genes found downstream of these RNAs, revealed that 

there are probably at least four additional distinct riboswitch classes present within the ykkC 
subtype 2 collection, termed ykkC subtypes 2a through 2d.19,20

Recently, ykkC subtype 2a RNAs were discovered to recognize guanosine tetraphosphate 

(ppGpp),19 which is a nearly ubiquitous nucleotide signaling molecule involved in amino 

acid starvation and other stress responses in bacteria.21–23 Uncharged tRNAs activate 

synthesis of the ppGpp molecule that then triggers ppGpp riboswitches and other factors in 

its signaling network in part to activate genes encoding amino acid biosynthesis enzymes.
19,24,25 Furthermore, ykkC subtype 2b RNAs were found to sense phosphoribosyl 

pyrophosphate (PRPP),20 which is essential for the biosynthesis of all purine and pyrimidine 

nucleotides. PRPP riboswitches sense this ligand to activate the expression of genes 

encoding enzymes required for the de novo biosynthesis of purines.20 Herein we present 

evidence that the natural ligands for ykkC subtype 2c RNAs likely include certain 

nucleoside diphosphate compounds. Thus, only the target ligand for subtype 2d RNAs 

remains to be identified from among the collection of ligands sensed by members of the 

original group of ykkC orphan riboswitches.

MATERIALS AND METHODS

Chemicals and Oligonucleotides.

Adenosine-5′-diphosphate was purchased from Santa Cruz Biotechnology. Diadenosine 

tetraphosphate (Ap4A), 8-oxo-2′-deoxyadenosine-5′-triphosphate, 2-hydroxy-2′-

deoxyadenosine-5′-triphosphate, and 2-hydroxy-2′-deoxyadenosine-5′-triphosphate were 

purchased from Jena Bioscience. Isoguanosine-5′-diphosphate, 8-oxo-2′-

deoxyguanosine-5′-triphosphate, and 8-oxo-adenosine-5′-triphosphate were purchased from 
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TriLink Biotechnologies. All remaining chemicals and synthetic DNA oligonucleotides were 

purchased from Sigma-Aldrich. [γ−32P] ATP was purchased from PerkinElmer. Enzymes 

were purchased from New England BioLabs, unless noted otherwise. The complete list of 

DNA oligonucleotides used in this work is found in Table S1.

Bioinformatic Analyses.

Examples of the ykkC subtype 2c RNA motif (Supplemental File 1) were manually sorted 

by their downstream gene association as reported earlier19,20 using the previously published 

alignment of ykkC subtype 2 RNAs.8

RNA Preparation.

Double-stranded DNA (dsDNA) templates for in vitro transcription were produced by 

extension of overlapping synthetic DNA oligonucleotides (Table S1) using SuperScript™ II 

Reverse Transcriptase (Thermo Fisher Scientific). Certain oligonucleotides included a 5′ 
terminal T7 RNA polymerase (T7 RNAP) promoter sequence, enabling in vitro transcription 

of the resulting dsDNA templates with T7 RNAP. The RNAs were subsequently purified and 

5′ 32P-labeled for in-line probing assays as previously described.8,17

In-Line Probing Analysis of RNAs.

In-line probing experiments22,23 were performed as previously described.26,27

RESULTS AND DISCUSSION

Subtype 2c ykkC Motif RNAs are Distinct from Other ykkC Riboswitch Classes.

The consensus sequence and secondary structure model for the 46 unique examples of 

subtype 2c ykkC RNAs (Figure 1A, left) carry sequence and structural features common to 

all ykkC motif RNAs. Specifically, base-paired stems P1, P1a, P2 and P3 are characteristic 

of the original ykkC motif RNA class.1,8 Furthermore, numerous nucleotides conserved 

among all ykkC motif RNAs mostly reside in junctions between stems, such as J1–1a and 

J1a-1, or in the L3 loop that closes stem P3. These nucleotides are mostly intimately 

involved in forming the overall structure of each riboswitch aptamer, rather than forming the 

ligand binding pocket.11,12,28 Thus, we speculate that the general architecture of subtype 2c 

RNAs will be similar to that seen with other riboswitch aptamers derived from the ykkC 
motif collection. Another similarity among PRPP, ppGpp (originally ykkC subtype 2a), and 

ykkC subtype 2c riboswitches is that representatives of these three classes are found 

exclusively in organisms in the phylum Firmicutes, whereas ykkC subtype 2d RNAs (which 

sense an undetermined ligand) are found exclusively in organisms in the phyla 

Proteobacteria and Actinobacteria.15,16

Despite sequence and structural similarities, there are numerous nucleotide positions unique 

to subtype 2c RNAs that distinguish this subtype from all other ykkC motif RNAs. For 

example, the region of high sequence conservation for ykkC subtype 2c RNAs (Figure 1A, 

left) extends well beyond that presented in the original consensus model for ykkC motif 

RNAs.1,8 The aptamer for the guanidine-I riboswitch class only encompasses the P1 through 

P3 structural elements,8,11,12 whereas the ppGpp and PRPP riboswitch classes carry 
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additional conserved nucleotide positions upstream (five nucleotides) and downstream (nine 

nucleotides) to form an additional stem called P0.28 The consensus model for ykkC subtype 

2c RNAs extends as many as 14 nucleotides upstream of the P1 stem and as many as 18 

nucleotides downstream of the P3 stem.

It is possible that there are base-pairing interactions between these additional conserved 

nucleotides present in subtype 2c RNAs, but the conservation in this region appears to be 

distinct from that observed for ppGpp and PRPP riboswitches. Therefore, ykkC subtype 2c 

RNAs might form a unique substructure by using these 5ˊ and 3ˊ extensions. Another 

difference is the nucleotide position immediately preceding the P1 stem, which is typically a 

G residue in ppGpp and PRPP riboswitches,19,20 but is either a U or a G in subtype 2c 

RNAs. Also, the nucleotide directly preceding the right shoulder of P1 is either a C or a G 

for subtype 2c RNAs. This is the only subtype for which a G at this position is commonly 

observed. These and other unique features of subtype 2c RNAs strongly suggest that these 

RNAs sense and respond to a novel ligand.

With only 46 representatives, the extent of conservation for some nucleotide positions might 

not be as meaningful as it is for the other subtypes of which there are many more examples. 

However, the stems do exhibit ample covariation to support our conclusion that these 

structures indeed form. Also, most of the highly-conserved nucleotides of subtype 2c RNAs 

reside in regions known to form both the ligand binding sites and the structural scaffold 

common to other riboswitches from the ykkC motif collection. This suggests that subtype 2c 

RNAs employ a similar overall architecture, but form a unique binding pocket for 

recognition of a different ligand. Based on the presence of a terminator stem downstream of 

subtype 2c RNAs, which presumably acts as the expression platform for this riboswitch 

candidate, we infer that the presence of the ligand should turn on expression of the 

downstream gene, as is also the case for guanidine-I, ppGpp, and PRPP riboswitches.8,19,20 

Importantly, among the various ykkC motif RNAs, subtype 2c representatives most closely 

resemble PRPP (originally ykkC subtype 2b) riboswitches19 (Figure 1A, right). This 

observation might suggest that the ligand for subtype 2c RNAs might be somewhat similar 

to PRPP.

Genes Associated with ykkC Subtype 2c RNAs are Nucleotide Hydrolases.

Nearly all ykkC subtype 2c RNAs are located upstream of genes encoding Nucleoside 

Diphosphate linked to X (NUDIX) hydrolases. NUDIX hydrolases are a broad family of 

proteins that cleave the phosphoester bond between the α and β phosphate moieties of 

various nucleotide substrates (Figure 1B).29,30 The founding member of this protein family 

is MutT, which is an enzyme involved in DNA damage repair whose substrates are primarily 

8-oxo-2′-deoxyguanosine di- and triphosphate.30,31 The damaged DNA molecule is cleaved 

by the NUDIX enzyme to produce the monophosphate version of the nucleotide. Because 

nucleoside monophosphates cannot be used as a substrate for DNA polymerase, cleavage by 

the NUDIX hydrolase removes these damaged nucleotides from the cellular nucleotide pool. 

Similar NUDIX hydrolase family proteins act on the di-and tri-phosphate versions of other 

types of damaged DNA and RNA nucleosides, including 8-oxoadenosine, 2-

hydroxyadenosine, and 5-hydroxycytosine.30,32 NUDIX hydrolase family proteins also act 
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on many other nucleotide-containing compounds, such as the enzyme cofactors NADH and 

TPP, the signaling molecule Ap4A, and the adenylated sugar ADP-glucose.30,32,33 Some 

NUDIX hydrolases display broad substrate specificity and act on a range of nucleoside di- 

and triphosphates. In general, NUDIX hydrolases are considered to be “housekeeping” 

enzymes that maintain a balance between various nucleotide pools.30,34

In rare instances, ykkC motif RNAs are found upstream of genes encoding Haloacid 

dehalogenase-like (HAD) hydrolases, which represent another protein superfamily of 

phosphatases that act on various substrates including nucleotides.35–37 The proteins whose 

expression is predicted to be regulated by these examples of ykkC RNAs share homology 

with the Cof-type HAD-IIB hydrolase family, many of which cleave phosphorylated sugar 

substrates including nucleotides.35,38 The examples of ykkC motif RNAs found upstream of 

HAD-like hydrolases were assigned to subtype 2c in part because of the similarity in the 

functions of NUDIX and HAD-like hydrolases. However, the four ykkC motif RNA 

representatives found upstream of HAD-like hydrolase genes also closely match the 

consensus sequence for the 42 representatives found upstream of NUDIX hydrolase genes. 

This observation provides compelling evidence that the orphan riboswitch candidates 

associated with these two types of nucleotide-processing genes belong to the same subtype 

2c candidate riboswitch class.

Representative ykkC Subtype 2c RNAs Bind Nucleoside Diphosphates.

Based on the ligand identities for the ykkC subtype 2a and 2b RNAs, which sense ppGpp 

and PRPP, respectively,19,20 as well as the known substrates for NUDIX and HAD-like 

hydrolases,29–38 it seemed very likely that the ligand for subtype 2c would also be a 

nucleotide-derived molecule. Therefore, we examined various nucleotides and nucleotide 

derivatives for possible binding by representatives of the ykkC subtype 2c candidate 

riboswitch class.

We assessed whether any known NUDIX hydrolase substrates might be the ligand for ykkC 
subtype 2c RNAs by using in-line probing.26,27 This method takes advantage of the 

instability of RNA internucleotide linkages that cleave via spontaneous phosphoester 

transfer with rate constants that are dependent on the local structure of the RNA. 

Specifically, the speed of spontaneous RNA strand scission is greatly decreased for 

nucleotide positions that are structurally constrained by base-pairing or other interactions, 

compared to the linkages joining nucleotides that are not actively engaged in forming higher 

order structures. When the breakdown products are analyzed by denaturing polyacrylamide 

gel electrophoresis (PAGE), the pattern of fragmentation can be used to examine the 

structure of the RNA oligonucleotide at single-nucleotide resolution.26 For riboswitch 

RNAs, some nucleotides in the aptamer domain typically undergo conformational change in 

response to ligand binding, which yields a corresponding change in the banding pattern that 

can be quantified to determine ligand binding affinity.

We conducted initial in-line probing assays with 1 mM each of the four common 

ribonucleoside-5ˊ-diphosphates (NDPs), ribonucleoside-5ˊ-triphosphates (NTPs), their 

corresponding deoxyribonucleotides (dNDPs and dNTPs), as well as certain 

ribonucleosides, ribonucleoside monophosphates (NMPs), nucleotide sugars, coenzymes, 
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and oxidatively-modified nucleotides. These analyses were conducted with a representative 

ykkC subtype 2c RNA comprising 131 nucleotides of the 5′ UTR of a nudix gene in 

Clostridium botulinum named 131 nudix (Figure 2A). Intriguingly, the 5ˊ 32P-labeled RNA 

construct exhibits structural modulation in the presence of several nucleotides when tested at 

1 mM, including adenosine-5ˊ-diphosphate (ADP) and several related molecules that carry 

an adenosine moiety (Figure 2B). Similarly, we found that structural modulation is induced 

by both the ribose and deoxyribose versions of the nucleoside-5ˊ-diphosphates carrying the 

nucleobases A, C and G (Figure 2C). Inosine-5ˊ-diphosphate is also bound (Figure 2B), 

suggesting that this particular RNA construct only poorly recognizes the nucleobase.

Most riboswitches previously validated are highly selective for their target ligands,6 whereas 

the binding data described above reveals an unusual lack of selectivity. However, there are 

several observations that suggest these initial binding results are reflective of the natural 

function of ykkC subtype 2c riboswitches. For example, the regions of the 131 nudix RNA 

that undergo structural change in the presence of various (d)NDPs (Figure 2A) are generally 

consistent with nucleotide positions that form the binding pockets for the guanidine-I,8,11 

ppGpp,19,28 and PRPP20,28 riboswitch classes that are also derived from ykkC motif RNAs. 

This finding is consistent with the hypothesis that the binding pocket for the aptamer present 

in the 131 nudix construct is undergoing structural reorganization in response to compounds 

that are at least similar to its natural ligand. Also, compounds that carry certain 

modifications to the diphosphate are discriminated against by the RNA. Most notably, the 

addition of a single phosphate moiety causes a substantial reduction in the modulation of 

band intensities from in-line probing assays (Figure 2C). This suggests that the ligand 

binding pocket has adapted to reject these natural triphosphate derivatives of NDPs and 

dNDPs, which can be present at high concentrations in cells. Finally, it seems possible that 

riboswitches with broadened ligand specificity might be useful for regulating certain 

NUDIX hydrolase genes because some NUDIX hydrolase enzymes are naturally broad in 

substrate specificity.29–35

To further evaluate the binding specificity of ykkC subtype 2c RNAs, three additional 

representative RNA constructs were examined for binding by using the same collection of 

compounds. The first of these additional representatives is a ykkC subtype 2c RNA construct 

comprising 129 nucleotides of the 5′ UTR of a nudix mRNA from Salsuginibacillus kocurii 
(Figure S1A). This 5ˊ 32P-labeled RNA construct, named 129 nudix, exhibits structural 

modulation only in response to the addition of NDPs and dNDPs carrying either adenine or 

cytosine as a nucleobase (ADP and CDP) (Figure S1B, C). The 129 nudix RNA strongly 

discriminates against NTPs, as well as a range of additional nucleotide compounds with 

more substantial modifications. As explored in greater detail later, it is important to note that 

some ligands are bound more tightly than others, which ultimately might help determine 

what compounds naturally serve as the ligands for these riboswitch RNAs.

The two other additional constructs examined were a 130 nucleotide RNA derived from the 

5′ UTR of a had gene from Leuconostoc mesenteroides called 130 had (Figure 3) and a 126 

nucleotide RNA derived from the 5′ UTR of a nudix gene from Bacillus cellulosilyticus 
called 126 nudix (Figure S2). These two RNA constructs specifically recognize only ADP, 

CDP, dADP, and dCDP (Figures S3, S4). Importantly, the 130 had RNA, which is predicted 
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to regulate the expression of a HAD-like hydrolase rather than a NUDIX hydrolase, exhibits 

the same ligand binding preferences as the 129 nudix and the 126 nudix constructs derived 

from other species as described above. Notably, the 130 had RNA exhibits a different pattern 

of structural modulation at certain sites during in-line probing analysis depending on 

whether the aptamer is exposed to dADP (Figure 3A, top) or dCDP (Figure 3A, bottom) 

(Figure 3B). Similar results are observed for ADP and CDP ligands (Figure S3). Likewise, 

the 126 nudix RNA construct exhibits distinct structural changes in response to ADP and 

CDP, particularly in region 2 wherein a C residue experiences a substantial increase in band 

intensity (Figure S2). These finding suggests that the RNA constructs use binding pockets 

that adapt somewhat differently to these distinct ligands.

Indeed, the unusual differences in banding patterns observed from the in-line probing data 

for these two RNA constructs might hint at a possible mechanism for nucleobase 

recognition. As noted above, a C residue at position 22 in 130 had (Figure 3) and position 17 

in 126 nudix (Figure S2) appear to become less structured only when the ligands CDP or 

dCDP are present. In an analogous manner, only the addition of the ligands ADP or dADP 

causes an increase in the predicted unstructured character of an A residue near position 116 

in 130 had and near position 113 in 126 nudix. Perhaps these nucleotide positions that 

undergo a band intensity increase when ligand is present are being displaced from a 

structurally important contact to accommodate binding of the ligand’s nucleobase. Future 

analyses to establish atomic-resolution structural models for these RNAs should resolve the 

precise mechanisms by which members of the ykkC subtype 2c RNAs bind multiple (d)NDP 

ligands.

Ligand Binding Affinities for Subtype 2c RNAs.

We next sought to determine the affinity of ykkC subtype 2c RNAs for the various 

nucleotides that were observed to bind in the initial in-line probing assays described above. 

Whereas the nucleotide compounds recognized by ykkC subtype 2c RNAs vary slightly 

depending on the construct tested, all four of the representative RNAs tested display 

structural modulation in response to (d)ADP and (d)CDP nucleotides. To determine the 

affinity of ykkC subtype 2c RNAs for adenine- versus cytosine-containing nucleoside 

diphosphates as well as those carrying ribose versus deoxyribose, each of the four RNA 

constructs described above were analyzed by in-line probing with ADP, CDP, and dADP 

over a wide range of ligand concentrations.

For example, the B. cellulosilyticus 126 nudix RNA (Figure S2) exhibits dose-dependent 

structural modulation upon the addition of dADP (Figure 4A) in a manner consistent with a 

one-to-one binding interaction and with a dissociation constant (KD) of ~300 μM (Figure 

4B). ADP is bound with an affinity similar to that for dADP, but CDP exhibits a KD that 

appears to be poorer than 1 mM (Figure 4C, Figure S5). Overall, the four ykkC subtype 2c 

RNAs examined in this study typically bind dADP best, with KD values ranging between 

~200 μM and ~800 μM (Figure 4C, Figures S6-S8). The C. botulinum 131 nudix RNA is the 

most promiscuous construct (Figure 2), but it also recognizes ADP, CDP, and dADP with the 

highest affinity of the four RNA constructs that were tested (Figure 4C). It is not obvious to 

us why 131 nudix accepts a broader range of ligands compared to the other constructs tested. 
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Two notable sequence differences occur at nucleotide positions 16 (G nucleotide) and 62 (C 

nucleotide) of the 131 nudix, which are U and G nucleotides in the more selective 126 

nudix , 129 nudix, and 130 had constructs. These regions undergo structural modulation 

upon ligand binding, and perhaps are contributing to the unique properties of their ligand-

binding pockets.

Regardless, it seems reasonable to speculate that the natural ligand for most members of the 

ykkC subtype 2c riboswitch class is dADP, although we cannot yet exclude the possibility 

that the riboswitch aptamers are intentionally promiscuous to match the substrate 

specificities of the enzymes whose expression they control. It also seems possible that some 

of the riboswitches in the subtype 2c collection have evolved to favor somewhat different 

nucleotide derivatives, again to correspond to the natural enzymatic specificities of their 

associated enzymes.

Conserved Nucleotides Characteristic of the ykkC Motif Consensus are Required for ADP 
and CDP Binding by Subtype 2c RNAs.

To ensure that the modulation observed is caused by a specific interaction between the 

aptamer and ligand molecule, we examined a series of three mutant 131 nudix RNA 

constructs (M1-M3), wherein each carries a single nucleotide change to an otherwise strictly 

conserved position (Figure 5A). These mutant RNAs are all unable to recognize ADP or 

CDP, even at a concentration of 1 mM (Figure 5B), whereas the wild-type (WT) construct 

performs as previously observed (Figure 2B).

Given the general similarity between the various riboswitch aptamers derived from the 

original ykkC motif collection,1,2,8,19,20 we assessed whether subtype 2c RNAs are unique 

in their ability to recognize nucleoside diphosphates. A representative ppGpp aptamer 

(Figure S9A), which was previously determined to bind ppGpp with a KD of ~10 nM,19 does 

not exhibit any structural modulation in the presence of 1 mM ADP (Figure S9B). Moreover, 

a ykkC subtype 2c construct, 126 nudix, does not recognize the ligands for any of the other 

riboswitch classes encompassed by the original ykkC motif collection (Figure S9C). These 

findings strongly support our conclusion that subtype 2c RNAs function as a distinct class of 

riboswitches that bind to certain NDP and dNDP ligands, of which dADP is particularly 

favored.

Speculation on the Natural Ligand for ykkC Subtype 2c Riboswitch Class.

Given that ykkC subtype 2c aptamers recognize multiple nucleotide ligands in our binding 

assays, the true natural ligand is not yet readily apparent. Indeed, subtype 2c RNAs might 

have diverse natural ligands, given the well-established substrate heterogeneity of NUDIX 

hydrolases. The current binding data generated with four RNA constructs from different 

species suggests the ligand generally conforms to Xpp(d)M, where “X” is a chemical moiety 

attached to the 5′ β-phosphate of a nucleotide molecule, “pp” are the α and β 5′ 
phosphates, “(d)” indicates that the sugar of the nucleotide can be either ribose or 

deoxyribose, and “M” indicates the presence of either an adenine or cytosine nucleobase. 

The “X” of the ligand could just simply be hydrogen (or a negative charge), making the 

ligand a canonical nucleoside diphosphate. X appears unlikely to be phosphate, glucose, or 
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ribose because NTPs, ADP-glucose, and ADP-ribose are not recognized at all when tested at 

1 mM by three of the four representative subtype 2c RNAs examined in this study (Figures 

S1, S3, S4). However, we cannot rule out the possibility that another substituent at position 

X is present in the preferred natural ligand for this riboswitch class.

The nucleobases most consistently recognized by ykkC subtype 2c riboswitches are adenine 

and cytosine. However, some NUDIX hydrolases act on nucleotide substrates with 

oxidatively-damaged nucleobases, such as 2-hydroxyadenine, 8-oxoadenine, and 5-

hydroxycytosine.29–31 Although we did not observe any RNA structural modulation with 

these nucleotide derivatives, they were only commercially available in the 5′ triphosphate 

form. Members of this riboswitch class strongly discriminate against nucleotides with a γ 5′ 
phosphate, and thus we cannot completely exclude the possibility that one of these damaged 

nucleobase molecules might be preferentially recognized by subtype 2c RNAs in its 

nucleoside diphosphate form.

Nevertheless, we do not favor the hypothesis that an oxidatively-damaged nucleotide is the 

natural ligand for this riboswitch class, based on the observation that (d)NTPs are strongly 

rejected as ligands. If the function of ykkC subtype 2c RNAs is to act as receptors for 

damaged nucleotides that subsequently activate expression of phosphatase enzymes that 

degrade damaged nucleotides, then it does not seem likely that the riboswitch would exclude 

these modified compounds in their triphosphate form. Some other riboswitch classes, such 

as those for ppGpp (which also binds pppGpp)19 and ZTP (which also binds ZMP),39 

strongly bind their target ligands in multiple phosphorylation states. Given this precedence, 

we would expect the ykkC subtype 2c riboswitch class to recognize damaged (d)NDPs and 

(d)NTPs with similar affinity if these were the true natural ligand for this riboswitch class.

The existing data for representatives such as 130 had and 126 nudix fit best with the 

hypothesis that ykkC subtype 2c RNAs represent a riboswitch class that naturally responds 

to both (d)ADP and (d)CDP. To achieve this broad specificity, a portion of the binding 

pocket might recognize the sugar and diphosphate moieties of the ligand, while a separate 

portion of the aptamer recognizes each nucleobase. The sugar-diphosphate portion of the 

binding pocket could be provided by the aptamer nucleotides corresponding to the binding 

site for this same chemical moiety that is present in the ligands for ppGpp19,28 (ykkC 
subtype 2a) and PRPP20,28 (ykkC subtype 2b) aptamers. The nucleobase-sensing portion of 

the aptamer could be located in the additional nucleotides that flank the P1-P3 stems, based 

on the modulation observed by in-line probing (Figures 2–4). These regions might form a 

distinct substructure into which the nucleobase portion of the ligand (either adenine for ADP 

or cytosine for CDP) can insert and replace the structural role of a nucleotide residue of the 

same identity within the aptamer.

A riboswitch class specific for both (d)ADP and (d)CDP that promotes the expression of 

nucleotide hydrolase enzymes could be useful for cells to monitor the phosphorylation status 

of nucleotide pools in the cell. It appears that subtype 2c RNAs do not consistently 

discriminate between rNDPs and dNDPs, and perhaps this ligand ambiguity is exploited to 

sense nucleoside diphosphates in both their 2ˊ-ribose and 2ˊ-deoxyribose forms. 

Intriguingly, some members of this riboswitch class sense (d)NDP molecules that carry at 
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least one purine and at least one pyrimidine, which are generated through separate 

biosynthesis pathways. This dual recognition capability could allow bacteria to 

simultaneously monitor the phosphorylation state of their purine and pyrimidine nucleotide 

pools to maintain the balance between the different nucleotide forms in the cell.

The in vitro binding affinity of ykkC subtype 2c RNAs appears to be relatively poor 

compared to most riboswitch classes. However, there are several pertinent factors to consider 

when evaluating these affinities, including the typical in vivo concentration of the natural 

ligand, the concentration of this ligand at which it becomes necessary to trigger its 

corresponding riboswitch class, and whether the riboswitch aptamer reaches thermodynamic 

equilibrium with its ligand or if the riboswitch is kinetically driven.40,41 For example, the 

glutamine riboswitch class42,43 displays a poor in vitro affinity of ~1 mM for its cognate 

ligand glutamine.42 However, the concentration of this amino acid has been measured at 

nearly 4 mM in Escherichia coli cells.44 The affinities measured for ykkC subtype 2c RNAs 

for their (d)NDP ligands are generally in the range of 0.1 to 1 mM. ADP has been found to 

exist in cells at a similar range of concentrations.44–46 Perhaps, under circumstances in 

which the concentration of ADP substantially exceeds its typical concentration, it would be 

beneficial for the cell to express a nucleotide hydrolase enzyme that helps maintain the 

(d)NDP concentrations within this lower range.

Concluding Remarks.

The functions of ykkC motif RNAs and the various riboswitch classes they represent have 

revealed several interesting insights into the properties of RNA molecules and the biological 

processes they control. Previously, we have reported that subtype 1 ykkC motif RNAs 

selectively respond to guanidine, which revealed numerous genes involved in overcoming 

the toxic effects of this nitrogen-rich compound.8 Most recently, we reported that subtype 2a 

and 2b ykkC motif RNAs function as riboswitches for ppGpp19 and PRPP,20 respectively. In 

the present study, we provide evidence that subtype 2c ykkC motif RNAs bind most tightly 

to (d)ADP and (d)CDP nucleotides. At this time we cannot be certain that the natural ligand 

for ykkC subtype 2c riboswitches is (d)ADP or (d)CDP. The true ligand for this riboswitch 

class could be a nucleotide molecule with additional modifications, which could even be a 

nucleotide compound currently unknown to biology. It seems reasonable to conclude that the 

ligand molecule is likely to conform to the Xpp(d)M consensus structure as discussed above. 

Alternatively, the ligand ambiguity we observe in vitro might parallel the substrate 

recognition patterns typical of some NUDIX hydrolase enzymes, which also exhibit broader 

specificities for certain nucleoside diphosphate substrates.

Another group of natural RNAs that display a broad specificity for multiple putative ligands 

that are chemically similar is the azaaromatic riboswitch class.47 Representatives of this 

riboswitch class, whose members were first collectively called the yjdF RNA motif,10 

exhibit unusually broad ligand binding specificity for various azaaromatic compounds.47 It 

has yet to be definitively determined whether there is a single compound that is the natural 

cognate ligand for this riboswitch class or if yjdF RNAs act as a riboswitch for a variety of 

planar, azaaromatic molecules. The existence of another riboswitch class comprised of the 

ykkC subtype 2c RNAs that might respond to more than one ligand supports the hypothesis 
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that binding sites made of RNA have the structural ability to carry out more challenging 

molecular recognition tasks. Regardless, this nucleoside diphosphate riboswitch class once 

again exemplifies the amazing diversity of the ykkC motif scaffold, and adds to the 

collection of natural RNA aptamers that recognize nucleotide-derived ligand molecules.6

Finally, we note that there is at least one more collection of ykkC motif RNA variants that 

constitute an unsolved orphan riboswitch class. Subtype 2d RNAs, which most closely 

resemble the consensus model for guanidine-I riboswitches (ykkC subtype 1 RNAs), have 

yet to be experimentally linked to a ligand. We speculate that the ligand is unlikely to be 

another nucleotide or nucleotide-like compound, because these RNAs lack some of the 

aptamer nucleotides that form the sugar-phosphate binding pocket of subtypes 2a,24 2b,24 

and probably 2c. Also, the nature of the transporter proteins whose expression is regulated 

by this candidate riboswitch class indicate that subtype 2d RNAs might sense a smaller 

molecule or ion that is not a nucleotide derivative. Currently subtype 2d RNAs represent the 

longest known orphan riboswitch candidate, and thus present an intriguing scientific puzzle 

to solve.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Distinct features of ykkC subtype 2c riboswitches. (A) Comparison of the consensus 

sequence and secondary structure models for the 46 unique representatives of ykkC subtype 

2c RNAs (left), which sense certain nucleoside diphosphates, and for the 257 unique 

representatives of the similar ykkC subtype 2b RNAs (right), which sense phosphoribosyl 

pyrophosphate (PRPP).19 Notable differences (asterisks) include the extended termini of 

subtype 2c RNAs, and changes to nucleotides known to reside in the binding pockets of 

other riboswitches uncovered from the original ykkC motif RNA collection.11,12,28 See 

Supplementary File 1 for sequence alignments of the 46 unique ykkC subtype 2c aptamers. 

(B) Top: the reaction performed by NUDIX (nucleoside diphosphate linked to x) hydrolase 

enzymes that are frequently associated with subtype 2c RNAs, but not other ykkC motif 

RNAs. Bottom: nucleotide and nucleotide-like compounds that are known to act as 

substrates for certain NUDIX hydrolase enzymes whose expression is predicted to be 
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regulated by ykkC subtype 2c RNAs. Some nucleoside di- and triphosphate substrates can 

carry a ribose or a deoxyribose moiety (gray shading).
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Figure 2. 
Multiple nucleotide compounds are bound by a representative ykkC subtype 2c RNA. (A) 

Sequence and secondary structure of the 131 nucleotide RNA derived from a nudix gene of 

C. botulinum. Data collected in B were used to determine regions of reduced or constant 

scission upon the addition of certain nucleotides to in-line probing assays. The arrowhead 

demarks the position at the 5′ end of the aptamer where in-line probing data becomes 

available. Locations of nucleotides beyond position ~70 undergoing structural modulation 

are estimated, as they cannot be definitively assigned based on the available in-line probing 

data. Lowercase g notations indicate guanosine nucleotides added to the natural sequence to 
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enable efficient transcription by T7 RNA polymerase. (B) PAGE analysis of the products of 

in-line probing of 5′ 32P-labeled 131 nudix RNA in the presence of either no ligand (–) or 1 

mM of the compound indicated. NR, T1 and –OH represent RNA undergoing no reaction, 

partial digest with RNase T1 (cleaves after G nucleotides), or partial digest under alkaline 

conditions (cleaves after all nucleotides), respectively. Bands corresponding to precursor 

RNA (Pre) and certain G residues are annotated. Annotations 3 through 5, as marked in A, 

identify prominent regions of the RNA that undergo structural modulation in the presence of 

certain nucleotide molecules. (C) PAGE analysis of the products of in-line probing of 5′ 
32P-labeled 131 nudix RNA in the presence of either no ligand (–), 1 mM, or 100 μM of the 

nucleoside di- or triphosphate indicated. Annotations are as described for B.
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Figure 3. 
Adenosine and cytidine nucleotides are differently recognized by ykkC subtype 2c RNAs. 

(A) Sequence and secondary structure of the 130 nucleotide RNA derived from a had gene 

of L. mesenteroides. Top: Data collected in B were used to determine regions of reduced, 

constant, increased scission specific to the addition of dADP (top) or dCDP (bottom). 

Additional annotations are described in the legend to Figure 2A. (B) PAGE analysis of the 

products of in-line probing of 5′ 32P-labeled 130 had RNA in the presence of 2 mM dADP 

or dCDP. Additional annotations are described in the legend to Figure 2B. See Figure S2 for 

similar results using the 126 nudix construct from B. cellulosilyticus.
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Figure 4. 
Nucleoside diphosphate binding by various ykkC subtype 2c RNAs. (A) PAGE analysis of 

the products of in-line probing using the 5′ 32P-labeled 126 nudix RNA derived from B. 
cellulosilyticus (Figure S2) in the presence of various dADP concentrations. In-line probing 

experiments contained either no ligand (–) or dADP ranging from 5 mM to 100 nM 

decreasing in ~1/3 log units. Annotations are described in the legend to Figure 2B. (B) Plot 

of the fraction of RNA bound to dADP, as determined by the normalized fraction of RNA 

scission at regions 2, 5, and 6 as a function of the logarithm of dADP concentration (c). The 

dissociation constant (KD) was estimated by a sigmoidal fit of the average of the data points 

from the indicated regions of RNA structural modulation. Data shown are representative of 

at least three separate in-line probing experiments. (C) Plot of KD values for the 131 nudix 
from C. botulinum, 129 nudix from S. kocurii, 126 nudix from B. cellulosilyticus, and 130 

had from L. mesenteroides ykkC subtype 2c RNAs with ADP, CDP, and dADP. Each RNA 

construct was tested with each ligand in three separate trials and all values are reported. 

Representative PAGE images for each RNA construct with each ligand can be found in panel 

A for 126 nudix with dADP, and Figures S3, S5-S7 for all remaining data points. In-line 

probing data for the 126 nudix RNA with CDP (Figure S5A) and for the 130 had RNA with 

ADP (Figure S8A) indicate that the KD values for these RNA-ligand interactions are poorer 

than 1 mM, but likely better than 10 mM.
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Figure 5. 
Mutation of conserved nucleotides disrupts ligand binding. (A) Sequence and secondary 

structure of the 131 nudix RNA from C. botulinum. Red letters denote nucleotides where 

this RNA representative matches the highly conserved (>97%) positions of the ykkC subtype 

2C consensus sequence. Positions that were altered to produce each mutant RNA are 

identified with boxes, annotated with the nucleotide identity of each mutation, and labeled 

M1 through M3. (B) PAGE analysis of in-line probing assays with 5ˊ 32P-labeled WT and 

mutated versions of the 131 nudix RNA in the absence (–) or presence of 1, 0.5, or 0.1 mM 

ADP or CDP. Additional annotations are as described in the legend to Figure 2B.
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