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Abstract

RNA has attracted considerable attention as a target for small molecules. However, methods to 

identify, study, and characterize suitable RNA targets have lagged behind strategies for protein 

targets. One approach that has received considerable attention for protein targets has been to 

utilize computational analysis to investigate ligandable “pockets” on proteins that are amenable to 

small molecule binding. These studies have shown that selected physical properties of pockets are 

important parameters that govern the ability of a structure to bind to small molecules. This work 

describes a similar analysis to study pockets on all RNAs in the Protein Data Bank (PDB). Using 

parameters such as buriedness, hydrophobicity, volume, and other properties, the set of all RNAs 

is analyzed and compared to all proteins. Considerable overlap is observed between the properties 

of pockets on RNAs and proteins. Thus, many RNAs are capable of populating conformations 

with pockets that are likely suitable for small molecule binding. Further, principal moment of 

inertia (PMI) calculations reveal that liganded RNAs exist in diverse structural space, much of 

which overlaps with protein structural space. Taken together, these results suggest that complex 

folded RNAs adopt unique structures with pockets that may represent viable opportunities for 

small molecule targeting.
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1. Introduction

Modern views of RNA within the cell describe a far greater functional role than a transient, 

unstructured message between genetic DNA and functional protein. It is now well 

established that RNA is utilized for many biological processes relating to gene expression,1,2 

protein function,3,4 cellular homeostasis,5 and disease.5-7 RNA has been shown to adopt a 

wide variety of well-defined but conformationally dynamic three-dimensional structures 

such as hairpins,8,9 triple helices,10 G-quadruplexes,11 and pseudoknots,12,13 which are also 

associated with many functions of RNA. For example, structure in RNA has been linked to 

regulating pre-mRNA splicing7,14,15 (including alternative splicing), as well as having 
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effects on translation efficiency.11 In conjunction with these discoveries of structure and 

function, RNA has been posited as a potential therapeutic target for small molecules.16 

Indeed, many examples can be found of small molecules binding to RNA targets and 

eliciting a pharmacological response.17 However, there remains no drug that targets RNA 

(apart from ribosome-binding drugs18,19), despite considerable interest in the field in recent 

years.

While substantial effort has been focused on individual targets or classes of targets,20-23 

there is a need to more broadly assess the suitability of RNA as a target for small molecules. 

While one intriguing recent report proposed the use of computation to investigate individual 

RNAs,24 a global analysis using atomic resolution structural data is lacking. Conventional 

wisdom states that in comparison to proteins, binding pockets on RNA are too shallow, 

solvent-exposed, and polar to achieve potent and selective small molecule binding. 

Comparatively, many approaches have been taken to both identify protein pockets which are 

likely to bind small molecules and to understand factors that make these pockets suitable for 

targeting. In these studies, the “ligandability” of a given pocket is defined as the relative 

ease/difficulty of developing a small molecule that can bind to the protein in vitro.25 

Similarly, “druggability” is defined as the relative ease of developing a small molecule that 

effectively alters target activity in vivo.25-28 For clarity, we also use these definitions 

throughout this work, where we aim to provide insights into the ligandability of RNA.

One approach was recently undertaken to assess the ligandability of protein targets by 

analyzing a large data set of ligand-bound protein structures within the protein databank 

(PDB).26,29 Using the PocketFinder algorithm within the ICM-Molsoft software suite,30,31 

the authors calculated potential small-molecule binding pockets on the surface of > 42,000 

protein structures. Using metrics of volume, fraction buried, and hydrophobicity, pockets 

containing drug-like small molecules were characterized in a 3-dimensional property space. 

This data set could then be used to assess the ligandability of any given pocket based on its 

properties correlated with this bound pocket-space. In addition to accurately reporting on 

known liganded sites, this approach faithfully identifies new potential druggable sites in 

proteins. This approach does not depend on the orientation of the specific amino acids that 

make up a pocket, but rather reports on physical properties such as size, shape, polarity, and 

solvent accessibility that make a particular pocket suitable for small molecules. The ICM-

molsoft software suite has also previously been applied to RNA modeling,32 docking,33 and 

virtual screening.34

Herein, we take a structure-based approach to analyze potential small-molecule binding 

pockets on RNA structures within the PDB. We demonstrate through this analysis that 

pockets on RNA structures which contain small molecule ligands occupy a similar property 

space to ligand-bound protein pockets. As a validation to this approach, multiple known 

liganded RNAs are identified and characterized. We demonstrate that although many pockets 

on ligand-unbound RNA structures lay outside the “ligandability” region, there are also 

pockets which are predicted to be potentially chemically tractable. This analysis provides 

important insights into the global structures that RNAs adopt with respect to small molecule 

targeting, and the pockets formed in individual conformations found in atomic-resolution 

structures throughout the PDB.
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2. Results and Discussion

2.1. Assessment of ligandability in RNA

To establish whether computational methods used for proteins are also suitable to study 

pockets on RNA, we selected three high quality RNA structures with small molecule ligands 

bound. The PreQ1 riboswitch is an example of a natural RNA/ligand pair (PDB: 3Q50) (Fig. 

1A).35 The FMN riboswitch bound to Ribocil is a recent prominent example of a synthetic 

ligand bound to an RNA that was discovered by a phenotypic screen (PDB: 5KX9) (Fig. 

1B).36 Finally, the HCV IRES motif is one of the rare examples where structure-guided 

design has been used to optimize a synthetic ligand for RNA (PDB: 3TZR) (Fig. 1C).37 For 

each of these cases, we deleted the known ligand from the structure and searched for 

potential small molecule binding pockets using the PocketFinder algorithm in the ICM 

software suite (Fig. 1). We assessed each identified pocket using the parameters reported to 

be most important for identifying ligandable sites in proteins. In each example several 

pockets were found, including the ligand binding site, though in general these other pockets 

were smaller and had less desirable properties (Fig. S1). We calculated volume in cubic 

angstroms (Å3), the fraction of the pocket considered to be hydrophobic (hydrophobicity, 

ranging from 0 to 1), the solvent exposure of the pocket (buriedness, ranging from 0.5 for 

pockets that are completely solvent exposed to 1 for those completely buried), and the 

druglike density score (DLID) for each pocket (with unitless values typically ranging from 

−3 to 2). DLID has been previously used as a single metric to assess pocket ligandability and 

is calculated based on the location of each pocket in its three-dimensional property space 

and its proximity within that space to known liganded protein pockets relative to the total 

number of nearby pockets. More simply, if a pocket of interest has volume, buriedness, and 

hydrophobicity values similar to other pockets with known ligands, it is likely to be 

ligandable and will thus have a high DLID score.26 While a high DLID score does not 

guarantee success in identifying a ligand, it serves as a useful metric to evaluate pockets. 

Importantly, DLID has no connection to function: further effort to demonstrate a connection 

between binding and modulation of function would be required for a given RNA in order to 

consider it a worthwhile target.

In each case, the unbiased approach faithfully identified the known ligand binding site as a 

suitable small molecule binding pocket. Other pockets, in addition to the known binding site, 

were identified on each RNA. For the PreQ1 riboswitch, we identified two pockets of 

interest. Both pockets have comparable hydrophobicity and buriedness, however the ligand-

containing pocket is larger (160 vs 145 Å3). Importantly, the pocket with the higher DLID 

score contained the known ligand, validating the approach (−0.08 vs −0.30). For the FMN 

riboswitch, a larger and more complex RNA, five pockets were identified. The ribocil-

containing pocket was the largest, but similar to other pockets in hydrophobicity and 

buriedness. Again, DLID for the ribocil-containing pocket was 0.70, while all other pockets 

were considerably lower. Two pockets were identified on the HCV IRES. In this case, the 

ligand-containing pocket was smaller and more hydrophobic but had comparable buriedness 

and DLID score. These examples validate that a computational assessment of structured 

RNAs can be used to successfully identify sites likely to interact with small molecules. 

Importantly, results for the FMN Riboswitch were comparable to those reported in a review 

Hewitt et al. Page 3

Bioorg Med Chem. Author manuscript; available in PMC 2021 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by Weeks et al. (which proposes a similar approach using QED scores), highlighting the 

robustness of this approach.24

2.2. Identification and analysis of structured RNA in the PDB

Next, we sought to globally assess RNA structures using the PocketFinder algorithm. To 

identify RNA sequences with known, atomic resolution structural information, we queried 

the PDB. At the outset of this project (May 2017), the PDB contained 137,348 entries, of 

which 3439 contained at least one strand of RNA. To develop a list of RNAs likely to 

contain defined secondary/tertiary structure, we omitted short sequences of less than 12 

nucleotides. We further omitted highly complex RNAs such as the ribosome, which are 

likely to be computationally intractable. Of the remaining RNA-containing entries, 1552 

consisted of X-ray crystallographic or NMR structural information of chain length between 

12 and 700 nucleotides. In the case of entries generated from NMR structural data, the 

lowest energy conformer was chosen for analysis. We analyzed this set of structures using 

the PocketFinder algorithm as described above, and calculated volume, buriedness, 

hydrophobicity, and DLID values for each pocket identified. We then analyzed this data set 

to identify RNAs in complex with known ligands. To provide additional data sets for 

comparison, we flagged each entry that contained small molecule ligands of > 7 heavy 

atoms (to omit metal ions and solvents) and developed a list of 300 ligand-containing 

structures (See Supplementary Fig. 1S).

2.3. Analysis of all pockets on structured RNA

In total, we evaluated all 1552 RNA structures, and calculated the properties for each 

identified pocket. We compared these results to the values for all proteins in the PDB as well 

as all liganded proteins in the PDB (Table 1, Fig. 2, Supplementary Table S2). Most of these 

distributions were not normal, and therefore median values were used for comparison. The 

pocket volume for all proteins and all RNA are similar with median values of 175 and 187 

Å,3 respectively. In both cases there is a broad distribution of volumes, indicating that there 

is a high degree of variability of pocket size in both proteins and RNA. In terms of 

buriedness, median values were again similar, with proteins and RNA having values of 0.75 

and 0.72 (Fig. 2A, Table 1), suggesting that pockets on a given RNA are similarly solvent 

exposed to protein pockets. In contrast, there is a notable difference in the hydrophobicity 

parameter. Here, proteins had a median value of 0.49 while RNA had a median value of 0.35 

(Fig. 2 A, Table 1). Pockets on RNA are generally more polar than pockets on proteins, 

consistent with conventional wisdom given the highly polar nature of nucleic acids. Further 

difference was observed in the DLID score, which considers all three of the above 

parameters for a given pocket. Here, proteins had a median value of −0.84, while RNA had a 

median value of −1.12 (Fig. 4C, Table 1). When considering all three parameters of a given 

pocket it is clear that “ligandable” pockets are considerably more frequent on proteins than 

RNA (at least in the case of those RNAs with known atomic resolution structure). This 

analysis further highlights that while many RNAs do contain structural features amenable to 

small molecule binding, such pockets exist but are considerably less common in RNA than 

on proteins. Despite the less frequent occurrence of ideal pockets in RNA, many pockets do 

lie within acceptable ranges that are suitable for small molecule binding.
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To provide further insight, we next compared liganded proteins and liganded RNAs. Of the 

300 liganded RNAs, 90% had multiple pockets. Liganded pockets on proteins had median 

volume of 352 Å3, while liganded pockets on RNA had a median volume of 280 Å3 (Table 

1). The median buriedness of liganded pockets on proteins was 0.81 and liganded pockets on 

RNA was 0.77 (Fig. 2C). Hydrophobicity of liganded pockets on proteins had a median of 

0.52 and RNA was 0.41 (Fig. 2D). Finally, for DLID values, liganded pockets on proteins 

was 0.13 while RNA was −0.27 (Table 1, Fig. 4B). As can also be seen, liganded pockets on 

RNA are generally larger in volume, are more buried, and are more hydrophobic than 

unliganded pockets on RNA. This distinction likely leads to the higher DLID scores of 

liganded RNA pockets (Table 1, Fig. 4B and 4C). In fact, of liganded RNA, 82% of the 

highest DLID pockets already contained ligands, highlighting the ability of the algorithm to 

detect pockets known to be capable of accepting small molecules. In one specific example, 

the SAM-I/IV riboswitch (PDB: 4OQU) contains a pocket that the S-adenosyl-L-methionine 

ligand occupies (Fig. 3B).38 The pocket has a hydrophobicity of 0.51 and a buriedness of 

0.88, which are properties similar to liganded protein pockets. Additionally, this pocket has a 

relatively high DLID score of 0.89. In a second example, the malachite green aptamer 

complexed with tetramethyl-rosamine (PDB: 1F1T), the pocket also has properties similar to 

liganded protein pockets (hydrophobicity of 0.65 and buriedness of 0.91) (Fig. 3A).39 Thus, 

successfully liganded pockets on both proteins and RNA have considerable overlap in terms 

of their physical properties, and can be readily detected with the ICM software suite.

In addition to ligand-bound pockets, a considerable proportion of RNA structures in the 

PDB are bound by proteins, and many of the pockets identified through the analysis 

presented here are occupied by amino acid side chains. Investigations into protein-protein 

interactions have revealed that they are often governed by comparatively shallow pockets.40 

However, these interactions can indeed be excellent targets for small molecules that mimic 

the specific interactions made by side-chains. When considering the subset of protein-

occupied pockets on RNA, it can be observed that these pockets tend to have comparable 

volumes and buriedness to all other RNA pockets. However, they are more hydrophobic 

(Fig. 2E and F). Importantly, protein-bound RNA pockets are enriched with higher DLID 

scores (Fig. 4). While the median DLID value for these pockets is not as high as known 

liganded RNA pockets (and is likely influenced by the buriedness component of DLID), 

there is already evidence that these RNAs engage in specific molecular recognition events. 

Studying these pockets may present compelling starting points for disrupting protein-RNA 

interactions with RNA-binding small molecules41,42 (in an analogy to inhibiting protein-

protein interactions).43

DLID scores can be used to evaluate specific pockets for their likelihood of accepting a 

small ligand. Two examples are the F. nucleatum FMN riboswitch (PDB: 2YIF) and the 

Thermotoga maritima lysine riboswitch (PDB: 3D0X) with DLID scores of 0.97 and 0.87, 

respectively (Fig. 5B and C).44,45 In both cases, the indicated pocket is empty in the crystal 

structure but known to bind a small molecule ligand with high affinity and specificity 

through other studies. In another example, the HIV-1 core packaging signal RNA (PDB: 

2N1Q) contains an unliganded pocket with a high DLID score of 1.46 around a pair of three-

way junctions (Fig. 5A).46 This pocket is large, somewhat less hydrophobic, and has a high 

DLID score, suggesting that it could be suitable for binding to small molecules (though it 
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remains unclear whether a ligand bound to this pocket would have a function). Conversely, 

an RNA duplex containing two G(anti).A(anti) base-pairs (PDB:157D) contains a pocket in 

a helical portion of the RNA with a poor DLID score of −1.87 (Fig. 5D).47 In the absence of 

bulges, helical structures form pockets with poor properties that are shallow and solvent 

exposed, in contrast that the more buried hydrophobic structures complex folds can produce. 

Many of the examples with highest DLID scores are associated with complex structures and 

binding pockets, while most of the structures with the lowest DLID score contain high 

proportions of helical regions.

2.4. PMI calculations

Normalized Principal Momentum of Inertia (PMI) calculations can be used to provide 

information to describe molecular shape.10,44-52 As illustrated in Fig. 6, the corners of the 

graph represent the shape of fundamental geometric objects: rods, discs, and spheres.50 

These measurements are normalized to eliminate the dependency of molecular weight, 

volume, surface area, or other descriptors. PMI calculations can be used broadly to classify 

collections of molecules, including both macromolecules and small molecules. For example, 

one previous study utilized PMI calculations to describe a relationship between protein 

structure and propensity for ligand binding.52 A similar approach has also been used to 

provide analysis of the shape of small molecule ligands for an RNA triple helix, and more 

broadly across a library of RNA-binding small molecules.10 Here, we report PMI 

calculations for the set of RNAs containing ligands in order to provide insight into the 

structure space occupied by these RNAs. Fig. 6A shows the normalized PMI ratios (NPRs) 

of selected representative RNA structures.50 The triple-helical stability element at the 3′ end 

of MALAT153 (PDB: 4PLX) is in the rod-like neighborhood, a quadruplex structure of an 

RNA aptamer against bovine prion protein is in the sphere-like neighborhood54 (PDB: 

2RQJ), and telomeric RNA G-quadruplex complexed with an acridine-based ligand55 (PDB: 

3MIJ) is in the disc-like neighborhood. These classifications are consistent with visual 

inspection of the structures. In addition to these examples, NPRs were calculated for a set of 

300 liganded RNA structures containing the highest DLID scores (Fig. 6B). Here, colors and 

sizes of the points are reflective of the DLID score of the most druggable pocket of each 

RNA, while X/Y coordinates represent the NPR value. White points reflect negative DLID 

values, blue points reflect positive DLID values, and the size of the data point represents the 

magnitude of the value. There is an enrichment of RNAs in the “rod”-like region particularly 

with negative DLID scores. This may be due to the common RNA structural motifs of 

helices exhibiting coaxial stacking56 that tend to form more “rod”-like structures that are 

associated with inferior pockets. Liganded RNA structures with positive DLID scores are 

variable for their degree of “rod”-like structure, however there were no RNAs with positive 

DLID scores that were either strongly sphere or disc-shaped.

In contrast to RNA, liganded proteins occupy a more diverse area of PMI space. A randomly 

selected set of 1000 liganded proteins have a different distribution of NPR values (Fig. 6C). 

Rather than being enriched in “rod”-like space, there are more proteins in the “sphere”-like 

space and in the hybrid (central) neighborhood of the graph. Of note, several in-depth 

studies have broadly investigated the “druggability” of the PDB using similar approaches.
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57-59 Importantly, the protein-based data set may also be biased: more globular proteins tend 

to be easier to crystallize.

3. Discussion

Given that > 80% of our genome is transcribed into RNA but less than 3% of these 

transcripts code for protein,60,61 there are far more different RNA species within the cell 

than proteins. While the functions of these transcripts are still being annotated, it has already 

been demonstrated that many of these RNAs have important, noncoding regulatory roles.
5,62,63 Only a small portion of the proteome is considered druggable.64 We report here that, 

consistent with other studies, the transcriptome also likely contains many ligandable sites. 

Efforts to understand which classes of RNA are targetable with potent, selective small 

molecules remain in their infancy, but are necessary to fully evaluate RNA as a target for 

small molecules.

The study described here demonstrates that many different RNAs throughout the PDB exist 

in conformations that could be amenable to small molecule binding. Bulk physical 

properties for pockets on RNA such as buriedness and volume are, in many cases, 

comparable to values seen on protein targets. However, RNA pockets tend to be on average 

less hydrophobic than their protein counterparts, a trend that is also observed with liganded 

RNA pockets relative to liganded protein pockets. Lower DLID scores, likely influenced by 

these less hydrophobic pockets, may also be attributed to the ‘rod’-like structure that many 

RNAs form in stem loops, which generally provide inferior binding pockets. In contrast, 

higher order structures, exemplified predominantly in this study by riboswitches, provide 

more opportunities for complex folds that lead to pockets with superior properties. Efforts 

toward finding new ligands would be best spent targeting more complex RNA structures 

with pockets that have higher DLID scores, given that such pockets are likely to be more 

rare or unique throughout the transcriptome.

An argument frequently made is that nucleic acids have only four bases relative to 20 amino 

acids in proteins, and thus nucleic acids are unable to achieve sufficient structural diversity 

to generate unique binding sites. One compelling counterpoint utilizes information theory to 

argue that sequences with sufficient “bits” of structural information can in fact be annotated 

as unique (or near unique) within the transcriptome.24 Here, we present a complementary 

approach using NPR calculations to estimate the structural space covered by RNAs with 

known atomic resolution structure. Although the known set of RNA sequences with high 

resolution structural data to date is surprisingly small, it already covers a broad swath of 

structural space. Known protein structures are more enriched in sphere-like structure space 

than RNA (which is more enriched in rod-like space). However, it is clear that much overlap 

between RNA and proteins can be seen in the hybrid (central) area of the NPR graph. 

Further, a considerable number of the RNAs with high DLID pockets are in this space as 

well, demonstrating substantial overlap in structural space between the conformations made 

by “druggable” proteins and many liganded RNAs. Together with the pocket analysis, this 

suggests that many RNAs fold into structures that form pockets amenable to selective small 

molecule binding.
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An obvious next step for this and related structure-based approaches to target RNA is to 

employ virtual ligand screens and related computational approaches. However, 

computational force fields to predict ligands for such pockets are still being developed and to 

date are not as effective at prospectively identifying ligands for RNA.65,66 Continued 

development of such force fields will be needed to implement this approach with success. 

Furthermore, as evident from the infrequent occurrence of RNA in the PDB, there is far less 

structural data to draw from when considering ligandable sites on RNA. It is even less 

frequent to have structural data for RNA with sufficient resolution to perform structure-

guided design or virtual ligand screening. Other approaches may be needed to identify 

molecules for a desired RNA target (at least for now).

High-throughput screening approaches, including phenotypic and target-based screens, have 

been employed to identify RNA-binding molecules. Small molecule libraries have used by 

the Disney,67 Hargrove,10 and Schneekloth68 groups, among others,17,69 to find ligands that 

bind to RNA pockets. These and other RNA binding ligands have been analyzed by Lipinski 

rules and other metrics for “druggability”.70 However, phenotypic screens, similar to this 

approach, do not guarantee the identification of molecules that bind directly to RNA, and 

target-based screens often provide hits with poor selectivity. Hits must be carefully validated 

through functional assays and biophysical methods. Importantly, identifying a pocket as 

ligandable does not link that pocket with a function of the RNA.20 Care should be taken to 

study pockets that directly relate to some function of the associated RNA, for example 

stabilization of a fold or perturbation/stabilization of an RNA-protein interaction. Binding 

site accessibility is a further consideration. Additionally, the expression levels of individual 

RNA targets vary considerably. Thus, it will also be important to consider the expression 

level of a target, and how much of the target would need to be inhibited to influence a 

biological response.

One caveat of this approach is that it does not consider dynamics. RNA is often described as 

a highly dynamic biopolymer, and discussions of RNA structure generally present an 

ensemble of conformations.71,72 Therefore, this approach (investigating a single 

representative conformation) does not capture the entirety of conformational space that a 

given RNA can sample. However, even in the single conformations evaluated here, there is 

considerable evidence that many RNA structures sample conformations that contain pockets 

suitable for small molecule binding. A second caveat is that RNA is rarely found on its own 

in the cell and typically exists in complex with ribonucleoproteins. This analysis does not 

capture the quaternary structure sampled by such protein/RNA complexes and reports on the 

structure of the RNA alone. There is evidence that protein/RNA complexes could also 

provide excellent targets for small molecules.32,73

This work suggests that there are many highly structured RNAs capable of adopting 

conformations that form pockets with properties suitable for achieving a small molecule 

recognition event. Many of these RNAs form pockets with similar properties to their protein 

counterparts. However, finding compounds that selectively bind to nucleic acids and elicit a 

pharmacological response still remains challenging. Pockets located in RNA that form more 

unique, complex structures are likely better candidates for finding more selective and higher 

affinity compounds as they are more likely to be unique within the transcriptome24 and to 
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accept small molecule recognition through specific interactions and molecular recognition 

events. Continued work in this area will shed light on the suitability of RNA as a drug target, 

potentially leading to mechanistically novel therapeutics for diseases with no current 

treatment.

4. Experimental

RNA structures were analyzed for ligandability by using the Internal Coordinate Mechanics 

method, or ICM (Molsoft, San Diego, CA) software. 1552 RNA structures for this analysis 

were chosen based on certain selection criteria to include structures of length between 12 

and 700 residues per chain and containing two or fewer protein chains. These structures 

were analyzed by the PocketFinder algorithm contained in the ICM software suite.30,31 The 

algorithm generates data for identified pockets including hydrophobicity, buriedness, 

volume, radius, and nonsphericity.30,31 A macro was developed (see Supplemental Fig. S2) 

to allow application of the PocketFinder algorithm in an automated fashion to identify 

potential binding pockets and to flag pockets containing atoms belonging to small molecules 

(defined as containing eight or more non-hydrogen atoms) or protein residues.

Additional data for this structure set-including principle axes of inertia, volume and surface 

area of RNA structures, the number of nucleic acid residues and chains, the number of 

protein residues and chains, and the number of ligand molecules contained in each PDB 

entry-were collected utilizing ICM as well. An additional macro was developed (see 

Supplemental Fig. S3) to allow automated extraction of these data from the selected PDB 

entries.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
A) Structures of the PreQ1 riboswitch bound to PreQ1 (yellow) (PDB: 3Q50) B) the FMN 

riboswitch bound to Ribocil (yellow) (PDB: 5KX9) and C) the HCV IRES motif bound to a 

aminobenzimidazole-based small molecule (yellow) (PDB: 3TZR) with calculated pockets 

shown as blue objects.
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Fig. 2. 
Scatter plots showing the distribution of ligand-occupied pockets on A) liganded RNA 

pockets (red) and liganded protein pockets (gray) and B) liganded RNA pockets (red), 

protein-bound RNA pockets (blue), and all RNA pockets (gray) in the 2-dimensional 

property space of hydrophobicity and buriedness. Normalized distribution of C) buriedness 

and D) hydrophobicity for liganded protein pockets (black) and liganded RNA pockets (red). 

Normalized distribution of E) buriedness and F) hydrophobicity for all RNA pockets (black), 

liganded RNA pockets (red), and protein-bound RNA pockets (blue).
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Fig. 3. 
Examples of liganded pockets with high DLID scores identified by the PocketFinder 

algorithm. A) The malachite green aptamer bound to tetramethyl-rosamine (yellow) (PDB: 

1F1T) and B) the SAM-I/IV riboswitch bound to S-adenosyl-L-methionine (yellow) (PDB: 

4OQU) with calculated pockets shown as blue objects.
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Fig. 4. 
Distribution of DLID values for A) protein-bound RNA pockets, B) liganded RNA pockets, 

and C) all RNA pockets.
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Fig. 5. 
Unliganded structures with high (desirable) and low (undesirable) DLID pockets. Structures 

of A) the HIV-1 core packaging signal RNA (PDB: 2N1Q), B) the F. nucleatum FMN 

riboswitch (PDB: 2YIF), C) the Thermotoga maritima lysine riboswitch (PDB: 3D0X), and 

D) an RNA duplex (PDB: 157D). In each structure, the highest DLID scoring pocket (blue) 

is shown with its calculated properties displayed below.
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Fig. 6. 
A) NPRs of selected ligand containing RNA structures. PBD codes in red are helixes, PDB 

codes in blue are quadruplexes, PDB codes in magenta are riboswitches, and black PDB 

codes are other structures. B) NPRs of 300 liganded RNA structures. White points are 

negative DLID values, blue points are positive DLID values, and the size of the data point 

represents the magnitude of the DLID score. C) NPRs of 1000 representative protein 

structures from the PDB.
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Table 1

Properties of protein26 and RNA structures from the PDB.

Liganded Proteins (n = 46,221) Liganded RNAs (n = 300)

Average Median Average Median

Volume (Å) 460 ± 360 350 450 ± 400 280

Buriedness 0.81 ± 0.09 0.81 0.78 ± 0.09 0.77

Hydrophobicity 0.53 ± 0.12 0.52 0.42 ± 0.10 0.41

DLID −0.045 ± 0.81 0.13 −0.38 ± 0.72 −0.27

All Proteins (n = 291,758) All RNAs (n = 1552)

Average Median Average Median

Volume (Å) 270 ± 250 180 290 ± 330 190

Buriedness 0.76 ± 0.08 0.75 0.72 ± 0.08 0.72

Hydrophobicity 0.50 ± 0.11 0.49 0.35 ± 0.10 0.35

DLID −0.70 ± 0.80 −0.84 −1.09 ± 0.77 −1.10
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