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ABSTRACT 

Ribonucleic acids (RNAs) play essential roles in living cells. Many of them fold into defined three-

dimensional (3D) structures to perform functions. Recent advances in single-particle cryo-electron 

microscopy (cryo-EM) have enabled structure determinations of RNA to atomic resolutions. 

However, most RNA molecules are structurally flexible, limiting the resolution of their structures 

solved by cryo-EM. In modeling these molecules, several computational methods are limited by 

the requirement of massive computational resources and/or the low efficiency in exploring large-

scale structural variations. Here we use Hierarchical Natural Move Monte Carlo (HNMMC), which 

takes advantage of collective motions for groups of nucleic acid residues, to refine RNA structures 

into their cryo-EM maps, preserving atomic details in the models. After validating the method on 

a simulated density map of tRNA, we applied it to objectively obtain the model of the folding 

intermediate for the specificity domain of ribonuclease P from Bacillus subtilis and refine a flexible 

ribosomal RNA (rRNA) expansion segment from the Mycobacterium tuberculosis (Mtb) ribosome 

in different conformational states. Finally, we used HNMMC to model atomic details and flexibility 

for two distinct conformations of the complete genomic RNA (gRNA) inside MS2, a single-

stranded RNA virus, revealing multiple pathways for its capsid assembly. 
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INTRODUCTION 

Ribonucleic acids (RNAs) are important biological macromolecules that perform various functions 

inside the cell. In addition to acting as a carrier of genetic information (Crick 1970), RNAs play 

active roles in cell survival and development, such as regulation of gene expression (Garst et al. 

2011; Ha and Kim 2014) and catalysis of protein synthesis (Cech et al. 1981; Guerrier-Takada et 

al. 1983; Schluenzen et al. 2000). Due to these essential roles, the mal-function of RNA is 

implicated in many diseases, including neurological diseases (Esteller 2011; Fenoglio et al. 2013), 

cardiovascular diseases (Uchida and Dimmeler 2015), and cancers (Huarte 2015). 

To perform their diverse functions, many RNAs need to precisely fold into their three-

dimensional (3D) structures. The folding process of RNA is hierarchical (Woodson 2010). The 

primary RNA sequence first forms secondary structures, such as helices, bulges, junctions, and 

loops, through local nucleotide interactions. These secondary structures then arrange into a 

tertiary structure, via long-range RNA interactions. While the secondary structures of RNA form 

within a short period of time (10-4 to 10-5 seconds), the tertiary structures of RNA are formed much 

slower (10-2 to 10-1 seconds), through a process which involves complex interactions between 

RNA secondary structures, as well as the interactions between RNAs and neighboring proteins 

(Crothers et al. 1974; Onoa and Tinoco 2004). In addition, the secondary structures of RNA are 

generally more stable compared to the tertiary structures (Mathews et al. 1999). Taking these 

facts into account, it is intuitive to model RNA structures in a hierarchical way. First, the secondary 

structures in RNA can be obtained by computational predictions, through methods such as 

comparative sequence analysis (Cannone et al. 2002; Mathews et al. 2010; Seetin and Mathews 

2012) and/or free-energy minimization (Eddy 2004; Mathews and Turner 2006). The accuracy of 

these predictions can be improved by incorporating the experimental mapping data of secondary 

structures, using chemical/enzymatic probing and RNA sequencing (Loughrey et al. 2014; Smola 

et al. 2015; Lu and Chang 2016). Then the tertiary structures of RNA can be sampled by spatially 

arranging these RNA secondary structures. 
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Recent advances in cryo-electron microscopy (cryo-EM) have enabled the structural 

characterization of RNA molecules at unprecedented resolutions. One major advantage of using 

electrons to image RNA is that the phosphate backbone of RNA strongly scatters electrons, giving 

a much higher contrast compared to proteins. Moreover, better imaging hardware (Li et al. 2013; 

Ruskin et al. 2013; McMullan et al. 2014) and more robust image processing software (Grigorieff 

2007; Tang et al. 2007; Scheres 2012; Moriya et al. 2017; Punjani et al. 2017) have enabled 

obtaining 3D density maps of ribosomal RNA (rRNA) to atomic (or near-atomic) resolutions 

(Fischer et al. 2015; Shalev-Benami et al. 2016; Zhang et al. 2016; Liu et al. 2017). Many protein-

RNA complexes, for example, spliceosomes and telomerases have also been determined to near-

atomic or subnanometer resolutions (Jiang et al. 2015; Nguyen et al. 2015; Yan et al. 2015). New 

imaging strategies in cryo-EM, such as utilizing the direct-electron counting and phase contrast 

(Danev and Baumeister 2016; Danev et al. 2017; Khoshouei et al. 2017), may facilitate the 

imaging of smaller RNA molecules (Baird et al. 2010b; Zhang et al. 2018). Furthermore, viral 

genomic RNAs (gRNAs), generally long and flexible in solution, can also be imaged and 

characterized by cryo-EM (Gopal et al. 2012; Liu and Cheng 2015; Zhang et al. 2015), with recent 

breakthroughs to reveal defined gRNA 3D folds inside the capsids of single-stranded RNA 

bacteriophages (Gorzelnik et al. 2016; Koning et al. 2016; Zhong et al. 2016; Cui et al. 2017; Dai 

et al. 2017; Meng et al. 2019). Importantly, cryo-EM holds another advantage to study multiple 

states of a macromolecule in solution, allowing the mapping of an energy landscape in the 

conformational space (Dashti et al. 2014). Therefore, cryo-EM is gaining popularity for imaging 

and generating 3D density maps of RNA at increasingly higher resolutions under different 

functional states.  

Several computational methods have been developed to build atomic models of RNA into 

the cryo-EM maps. This process generally involves two steps: (1) building a starting model and 

(2) refining it into a density map. If the target RNA has a homologous sequence to a known RNA 

template structure, comparative modeling can be used to generate a starting model (Rother et al. 
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2011). In cases where a homologous template is unavailable but the target RNA is short (100-

300 nucleotides), it is possible to predict the starting model ab initio (Das et al. 2010; Cheng et al. 

2015). Otherwise, one can manually build fragments of the starting model then assemble them 

into the cryo-EM density before further refinements (Jossinet et al. 2010). 

After building the starting model, refining the atomic coordinates of RNA into the cryo-EM 

map requires fitting as many atoms as possible into the density while keeping the proper 

stereochemistry of the model. Algorithms based on molecular dynamics calculations or simulated 

annealing optimizations are usually used in the model refinement (McGreevy et al. 2016; 

Liebschner et al. 2019). The accuracy of the refined model can be further improved by correcting 

errors in the RNA backbone (Chou et al. 2013). Most of these refinement tools need extensive 

computational resources and rely on high-quality initial models. If the starting model has a 

significant structural variation compared to the target structure, it leads to two major problems: (1) 

inability to dock the starting model into the density with the correct orientation for further 

refinement; (2) prolonged time for the model refinement due to the inefficiency in sampling large 

conformational changes between the starting and target structure. Therefore, there is a need for 

a tool that can objectively and efficiently sample RNA conformations from a starting model to 

facilitate the modeling process. 

Recently, we have developed a method called Hierarchical Natural Move Monte Carlo 

(HNMMC), which improves the conformational sampling efficiency in macromolecular modeling. 

Using Natural Move Monte Carlo with customizable hierarchical degrees of freedom (DOFs), we 

showed that the method can generate diverse canonical ensembles of macromolecular 

conformations (Sim et al. 2012). Implemented in the MOSAICS software package, HNMMC has 

been successfully used in several applications (Minary and Levitt 2014; Behrmann et al. 2015; 

Knapp et al. 2016; Krawczyk et al. 2016). The combination of MOSAICS and EMAN2, a cryo-EM 

data processing software package (Tang et al. 2007), resulted in a molecular refinement tool 

(named MOSAICS-EM), has been applied to the structure refinement of protein complexes from 
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cryo-EM data (Zhang et al. 2012). Here we adapted MOSAICS-EM to refine RNA structures 

against cryo-EM maps. For example, a starting structural model of RNA can be obtained by 

comparative modeling, ab initio prediction or manual building, and before the final refinement, 

HNMMC in MOSAICS-EM can sample the possible structural variations of this initial RNA model 

within the density map, in a large scale, based on the customized secondary structural restraints, 

to maximize the coverage for a correct conformation. 

In this paper, we first established and validated HNMMC refinement with a known structure 

of tRNA. We then used it to automatically model the structure of the folding intermediate of the 

specific domain of ribonuclease P from Bacillus subtilis. In addition, we refined a structural model 

of an rRNA expansion segment, also known as the handle, in the ribosome of Mycobacterium 

tuberculosis (Mtb), into its cryo-EM maps of 40 different states.  We then applied this tool to build 

the atomic model of the gRNA fragment (2394-2604) from a single-stranded RNA virus, MS2, and 

finally expanded the same strategy to obtain two models of the complete gRNA with distinct 

conformations, which reveal multiple pathways for the viral assembly. 

 

RESULTS 

(1) Optimize HNMMC refinement using the simulated data of tRNA. 

The challenges in refining macromolecular structure using Markov Chain Monte Carlo (MC) 

simulations are usually the large number of DOFs. To overcome this problem, we group residues 

from a macromolecule into different levels of segments, representing different DOFs in the 

molecule. The grouped residues in each segment, termed natural move, translate and rotate 

collectively and can fluctuate individually within the segment. Therefore, these natural moves are 

usually constructed from the rigid or semi-rigid natural organizations of a molecule, such as 

helices of an RNA. For example, the cloverleaf-like tRNA structure is modeled as four natural 

moves with each helix as one segment. The centers, allowing each helix to rotate and translate, 

were defined within the connecting residues (Fig. 1A). An energy function, which combines the 
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molecular energy and the weighted EM energy, was used for the MC simulation with a modulated 

temperature profile (see MATERIALS AND METHODS, Supplementary Fig. 1). 

To evaluate and optimize the protocol of HNMMC refinement, different weights of the EM 

energy and different resolutions of the density map were used. Five target maps of tRNA, 

Gaussian-blurred to resolutions from 5 Å to 30 Å (Supplementary Table 1), were generated from 

the crystal structure (PDB 1EHZ) (Shi and Moore 2000) by EMAN2 (Tang et al. 2007). An initial 

model of tRNA was deformed from the crystal structure by MC simulation at a high temperature 

(300,000K), resulting in a C4’ root-mean-square deviation (RMSD) with 8.27 Å (Fig. 1B), which 

was subsequently refined into the density maps.  

The best-refined result was from the EM weight of 200 and the map at a 5-Å resolution, 

which confers the smallest C4’ RMSD (1.37 Å) to the target structure (Fig. 1C, Supplementary 

Table 1 and Movie 1). The synchronous fluctuation of the total energy and C4’ RMSD with the 

annealing temperature indicates that the refinement is capable of escaping from local energy 

minima efficiently (Supplementary Fig. 1). 

The refinement results of using different EM weights and map resolutions show that the 

higher resolution of the map yields a better-refined model. Increasing the EM weight can lead to 

a better-refined result when the map resolution is low. The refinement performs best when the 

EM weight is 200. Using this weight, all the simulated maps can guide the deformed model to the 

refined models with around 2-Å C4’ RMSD to the target structure. The incorporation of the 

molecular energy prevents nonphysical conformations. The EM weight of 200 was also applied in 

the following HNMMC simulations of different molecules. 

 

(2) Refine the specificity domain (S-domain) of Bacillus subtilis ribonuclease P into the 

experimental cryo-EM map. 

The S-domain of the Bacillus subtilis ribonuclease P is a 154-nucleotide RNA that can bind pre-

tRNA directly (Qin et al. 2001). The folding behavior of the S-domain in solution has been 
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previously characterized (Baird et al. 2005; Baird et al. 2007; Baird et al. 2010a). The conformation 

of a folding intermediate of the S-domain at high Mg2+ concentration was captured using single-

particle cryo-EM (Baird et al. 2010b). Compared to the native state (PDB 1NBS), this folding 

intermediate only forms secondary structures and short-range tertiary interactions, implying that 

the long-range tertiary interactions are formed in sequential steps during RNA folding (Baird et al. 

2010b). In this example, we employed HNMMC to automatically refine the native structure of the 

S-domain into its cryo-EM map of a folding intermediate at 15-Å resolution (EMD-5242). 

In the native state, the core of the S-domain has a T-loop motif (three-way junction). Helix 

P10.1 connects with two coaxially stacked short Helices P10 and P11 (Krasilnikov et al. 2003) 

(Supplementary Fig. 2A). P10 forms a four-way junction with Helices P7, P8, P9. P11 connects 

with P12 through two large internal loops, J11/12. Because it is a three-way junction, we can first 

define the DOFs of S-domain as three natural moves: (1) P7/P8/P9, (2) P10.1 and (3) 

P11/J11/12/P12 (blue, green, and red, respectively in DOF 1, Fig. 2A). P10 and the loops at the 

junction are defined as flexible regions (gray in DOF 1, Fig. 2A, Supplementary Fig. 2C). For 

finer adjustment of the model inside the density, we also set the second DOF defining each helix 

as one natural move and the large internal loops J11/12 as another natural move (DOF 2, Fig. 

2A, Supplementary Fig. 2C). 

To avoid bias from users, we customized the protocol, which automatically refines the native 

structure of the S-domain against the cryo-EM map of its folding intermediate (Fig. 2A). To 

accomplish that, one needs to first register the model and the map in roughly matched orientations. 

However, due to the large conformational difference between the initial model (native) and the 

cryo-EM map (folding intermediate), with the best possible fitting cross-correlation of only 0.43, 

such a direct registration is not reliable. Therefore, we used the following strategy: (1) apply a 

large-scale MC sampling (10,000 decoys) to broadly search the probable conformations without 

the EM energy; (2) cluster all 10,000 decoys into 500 models; (3) dock the 500 clustered models 

to the map by Situs (Wriggers 2012); (4) pick the representative models with a unique 
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conformation and a high docking score; (5) refine these representative models into the map locally 

using HNMMC in MOSAICS-EM.  

To aid the selection of representative models, multidimensional scaling analysis by the R 

package (Team 2015) was applied to visualize the conformational differences of the 500 clustered 

models (Fig. 2B). In addition, the docking scores (or normalized cross-correlation between the 

model and the cryo-EM map) of the 500 models were used to generate a heat map (Fig. 2C) on 

top of the plot of the multidimensional scaling. In total, 18 representative models (solid circles and 

stars in Fig. 2B and 2C, respectively; Supplementary Table 2) were selected and refined into 

the cryo-EM map with the finer DOF, DOF 2 (Supplementary Movie 2). The refined model with 

the highest cross-correlation (0.88) to the map was chosen as the best-refined model which is in 

agreement to the model manually built and validated previously (Baird et al. 2010b). The two long 

helical arms (P11/J11/12/P12 and P10.1) form a collinear arrangement in both our model and the 

previous model and the orientations of the short arm (P7/P8/P9) are also the same. 

 

(3) Model the large-scale conformational flexibility of the “handle” in Mycobacterium 

tuberculosis (Mtb) ribosomes. 

We then expanded our application to refine the flexible region of rRNA inside the Mtb ribosome. 

Different from other bacterial ribosomes, the 23S rRNA in the large subunit (50S) of the Mtb 

ribosome has a 100 nucleotide-long helical expansion segment H54a, termed “handle” (Yang et 

al. 2017). The handle undergoes a large-scale conformational change when the small subunit 

(30S) associates with the 50S to form the Mtb ribosome (70S). In the 70S, the handle serves as 

an inter-subunit bridge of the 50S and the 30S and swings between the L1 stalk of the 50S and 

the mRNA exit site. Therefore, the handle may modulate the translation in the Mtb and affect the 

association of the 50S and 30S subunits (Yang et al. 2017). 

To more quantitatively measure the flexibility of the handle in the Mtb 70S, HNMMC was 

applied to refine its model from the bent state in the 50S into the extended states in the 70S, 
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captured by 40 classified cryo-EM maps (Yang et al. 2017). The initial model of the handle with 

its connected 3-way junction (rRNA fragment 1540-1659 and 1814-1828) was cut from the high-

resolution structure of Mtb 50S (PDB 5V7Q) (Yang et al. 2017). The target maps with 40 unique 

conformations of the handle were segmented from the 40 classified maps of the Mtb 70S 

(downloaded as a bundle through EMD-8648) (Supplementary Fig. 3A) (Yang et al. 2017). The 

handle consists of several short helices and motifs, such as the sarcin-ricin motif and the tetra-

loop (magenta, Fig. 3). Seven levels of natural moves were defined to describe its bending and 

extending motions (Fig. 3A).  

HNMMC refinements against the 40 maps improved the cross-correlations between the 

models of the handle and their corresponding maps from 0.2~0.4 to 0.6~0.7 (Supplementary 

Table 3). For the segment between the 3-way junction and the sarcin-ricin motif, limited 

movement is observed when the entire handle extends from the conformation in the 50S to the 

one in the 70S. However, for the segments from the sarcin-ricin motif to the tip of the handle, it 

swings around 35° when forming the 70S from the 50S (Fig. 3B and 3C, Supplementary Movie 

3). Moreover, the handle is also flexible in the 70S. Comparing these 40 refined models, the tip 

of the handle can travel around 60 Å in the short axis and 70 Å in the long axis (Supplementary 

Fig. 3). While the solvent exclusion volume and solvent-accessible area of a single conformation 

of the handle is around 71.9 nm3 and 156.1 nm2, respectively, the 40 conformations of the handle 

lead to a much larger solvent exclusion volume and solvent-accessible area of 265.4 nm3 and 

301.6 nm2, respectively. Such increased solvent accessibility may help the handle efficiently 

interact with potential regulatory subunits or non-ribosomal factors (Polikanov et al. 2012; Li et al. 

2018; Mishra et al. 2018). Such a hypothesis is yet to be tested. 

 

(4) Building atomic models of viral gRNA in the virion. 

Single-stranded (ss) RNA viruses use RNA as their genetic material and infect all domains of life, 

including animals, plants, and bacteria. Recently, it has been revealed by cryo-EM that the ssRNA 
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bacteriophages, such as Qβ and MS2, have a major 3D conformation of the genomic RNA (gRNA) 

among all viral particles (Gorzelnik et al. 2016; Koning et al. 2016; Zhong et al. 2016; Cui et al. 

2017; Dai et al. 2017). The gRNA presents stem-loops, termed the “packaging signals” (Dykeman 

et al. 2013; Rolfsson et al. 2016), which form stable interactions with the phage capsid proteins, 

potentially providing a roadmap for capsid assembly. 

In a previous cryo-EM study of MS2 (Dai et al. 2017), a few gRNA stem-loops or packaging 

signals directly interacting with the viral capsid were solved to high resolutions. However, much 

of the gRNA densities were only resolved to intermediate resolutions or missing, due to the 

internal flexibility of the RNA within the capsid. Based on the cryo-EM map and the secondary 

structure prediction, approximately 80% of the gRNA backbone was manually traced, presenting 

long RNA helices connected by complex junctions. Although the backbone model shows the 

organization of the gRNA, the lack of atomic details in many regions prevents the understanding 

of the accurate RNA/RNA or RNA/protein interactions that can affect the gRNA packing and 

releasing. Such an atomic model of the gRNA was difficult to obtain due to the lower resolution 

and missing density throughout the cryo-EM map. Recently, a method has been developed in 

Rosetta to build atomic models of RNA by assembling fragments of the RNA model into cryo-EM 

densities (Kappel et al. 2018) and applied to build 10 gRNA fragments inside the MS2 capsid. For 

each region, this modeling procedure (known as De novo Ribonucleoprotein modeling in Real-

space through Assembly of Fragments Together with Electron density in Rosetta or DRRAFTER) 

started from at least one ideal RNA helix as an anchor point and was used to build the models, 

which connected the remaining helices with the ideal RNA helices, into their corresponding 

densities at intermediate resolutions. 

Here, we first focused on the gRNA fragment 2394-2604, which was not modeled by the 

DRRAFTER (Kappel et al. 2018). The density of this region shows a 4-way junction motif. The 

initial model of gRNA fragment 2394-2604 was generated using RNA Denovo in Rosetta (Das et 

al. 2010; Cheng et al. 2015) based on its secondary structure (Fig. 4A). One stem-loop 
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(corresponding to the gRNA fragment 2468-2481) has high affinity with the viral capsid, therefore, 

was resolved to high resolution previously (PDB 5TC1) (Dai et al. 2017). The rest of the gRNA in 

this fragment does not directly interact with the capsid and is flexible, thus was resolved at a lower 

local resolution. Therefore, in our modeling, the high-resolution stem-loop (gRNA fragment 2468-

2481) was used as a single fixed anchor while the remaining gRNAs were automatically fitted into 

the density through two runs of the refinement by four levels of natural moves (Fig. 4A), keeping 

the correct geometry of the stem-loops. 

HNMMC refinement increased the cross-correlation of the model and the density from 0.18 

to 0.73 (Fig. 4B and 4C, Supplementary Movie 4). The refined model is mostly consistent with 

the manually traced backbone model (thin red line, Fig. 4C) (Dai et al. 2017), which forms a 

parallel coaxial stacking (cross) of four helical stems. However, compared to the backbone model, 

our second helical stem (blue in Level 3, Fig. 4A) is 15-Å longer (around eight nucleotides) at the 

tip. In the map of the entire gRNA, the density of this helix connects with another density, 

suggesting its interaction with another helical stem. As expected, in the connecting area, an 

additional density can be found for these eight nucleotides. 

Using the same strategy above, in total, we built 17 fragments of the MS2 gRNA, which 

were connected to establish an atomic model of the entire gRNA with all the 3569 nucleotides. 

The model was then minimized using Phenix (Liebschner et al. 2019) and further refined against 

the cryo-EM map by 20 independent runs of HNMMC refinement with each RNA helix defined as 

one natural move (Fig. 5A). The 20 refined models have improved fitting to the map and 

maintained secondary structures in the flexible fragments with weak cryo-EM densities 

(Supplementary Movie 5). The average C4’ RMSD among the 20 refined models is 2.89±0.24 

Å and the average cross-correlation between the map and the model is 0.523±0.043. As expected, 

comparing these 20 models shows larger variations among the refined models in regions with 

weaker cryo-EM densities (Fig. 5B). 
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To further understand the structural variations in the MS2 gRNA, a new cryo-EM dataset of 

MS2 virions are collected and processed. Focused classifications (Bai et al. 2015) around the 

region with weak RNA density identifies two dominant conformations (named C1 and C2) of the 

gRNA, existing in 45.2% and 54.8% of the total number of virions, respectively. After the 3D 

refinement, the final resolutions of the two cryo-EM maps are both 7.4 Å (Supplementary Fig. 4). 

The atomic models of the gRNA of C1 and C2 are built and refined using HNMMC in MOSAICS-

EM (Fig. 6 and Supplementary Fig. 5). The two models show differences in the flexible RNA 

fragments, especially of the gRNA fragment 614-879, 1643-1700, 1992-2125, and 2922-3087. 

The C4’ RMSD of these four flexible fragments between two models are 32.58 Å, 19.26 Å, 24.23 

Å, and 37.06 Å, respectively, while the C4’ RMSD of the rest of the gRNAs is only 4.71 Å. In C1, 

two coat-protein dimers, D1 and D2 (transparent green and blue densities, Fig. 6) interact with 

the stem-loops of the gRNA fragment 1643-1700 (green ribbon, Fig. 6) and fragment 1992-2125 

(blue ribbon, Fig. 6), respectively. However, in C2, D1 switches its interaction to a stem-loop from 

the gRNA fragment 2922-3087 (red ribbon, Fig. 6) and D2 interacts with the stem-loop of gRNA 

fragment 1643-1700 (green ribbon, Fig. 6). Moreover, in C2, due to the switch of gRNA fragment 

2922-3087 (red ribbon, Fig. 6) to interact with D2, the interior space of the virion, which was 

originally occupied by this fragment in C1 is freed to accommodate another gRNA fragment 614-

879 (yellow ribbon, Fig. 6). Such a rearrangement of the gRNA inside the capsid leads to a denser 

RNA packaging towards the maturation protein in C2 as compared to C1. Direct morphing 

between these two gRNA conformations shows collisions among themselves (Supplementary 

Movie 6), indicating that the gRNAs are folded into such conformations during its condensation 

before the capsid is formed. This result is a piece of direct evidence that the gRNA of an RNA 

virus can be packed in multiple conformations through different RNA folding pathways. 

 

DISCUSSION 
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In this study, we developed the molecular refinement tool, HNMMC, which combines MC 

simulation and customized hierarchical natural moves to efficiently refine RNA molecules into 

cryo-EM maps. Our energy term combines both EM energy and a molecular energy to improve 

the fitting to the cryo-EM map while maintaining the proper stereochemistry of the model. With 

the simulated density map, HNMMC successfully refined a deformed tRNA model to the correct 

conformation. For RNA molecules with a large conformational change, HNMMC can perform 

large-scale conformational sampling and then locally refine the selected candidates to the target 

map. Following this strategy, the structure of the folding intermediate of the ribonuclease P S-

domain is automatically built from the structure of the native state. Moreover, HNMMC can be 

easily applied to model large RNA systems, such as ribosomes or gRNA of a virus. The 

customized hierarchical natural moves preserve the relatively rigid regions and allow more 

efficient traversing through the conformational-searching space to focus on major movements 

inside large molecules. For instance, two different conformations of the entire gRNA inside MS2 

are built through fragments and refined into their cryo-EM maps using HNMMC. 

The first step of running HNMMC is to define natural moves, which represent the potential 

motions of a molecule. For RNA, the natural moves can be defined using the information of the 

secondary structures or tertiary interactions (base-pairs, motifs, etc.) from the existing high-

resolution structure or computational predictions. However, in some RNA, mispredictions of the 

secondary structures could occur (Lorenz et al. 2011), leading to inaccuracy in the defined DOFs. 

In HNMMC refinement, such wrongly defined DOFs can easily cause unrealistic geometries in 

the RNA tertiary structures and/or low cross-correlation between the density map and the refined 

model. Therefore, a bad refined model is a good indicator of potential errors in the secondary 

structures. On the other hand, the collective motion of residues within one natural move restrains 

these residues around the initial geometry. In that case, when an EM density is noisy, incomplete 

or discontinuous, a restraint will not only keep the correct geometry of the grouped residues but 

also help anchor the entire region into the density without being biased by the artifacts in the 
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density. For a map at a low resolution, the HNMMC refinement may provide multiple final models 

with similar conformations. To select the best-refined model, the cross-correlation score between 

the model and the map is helpful, but a final visual inspection is still important to identify if the 

selected model has wrong placements of helices or minor conformational errors that are 

inconsistent with experimental evidence if available. 

Finally, combining the MC optimization and the hierarchical natural moves reduces the 

computational time required for modeling. Compared to molecular dynamics based flexible fitting 

(MDFF) (McGreevy et al. 2016), for example, HNMMC requires only 0.5 hours of CPU time as 

compared to 1.5 hours in MDFF to refine the model of the Mtb ribosomal handle into its EM map 

(Supplementary Fig. 6). Admittedly, HNMMC requires more memory (400 MB vs. 50 MB) and the 

speed of MDFF can be accelerated by GPU, which has not been utilized in HNMMC. 

 

MATERIALS AND METHODS 

Multiscale Natural Move Representation of Macromolecules  

The goal of the HNMMC refinement is to change the conformation of the starting model to 

maximize its fit against the target EM density. To exhaustively search the possible conformations 

of an RNA, the set of natural moves for the MC simulation can be constructed as the following: 

(1) Group nucleic acid residues into several segments of collective motions (natural moves) 

hierarchically based on their rigid or semi-rigid natural organizations, such as base-paired helical 

strands and specific motifs. (2) Define the rotational and translational DOF of each segment. (3) 

Maintain the continuity between each segment by the recursive stochastic chain-closure algorithm 

(Minary and Levitt 2010), ensuring the proper geometry of the connections and sufficient freedom 

in the flexible regions. (4) Move base-pairs and individual nucleotides in each segment. Moreover, 

natural moves can be combined into different levels to more efficiently represent global (fewer 

DOFs) and local movements (more DOFs) of an RNA, respectively. A common strategy is to use 

fewer DOFs at the beginning of the refinement to capture larger-scale movements of RNA 

 Cold Spring Harbor Laboratory Press on June 2, 2021 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


  Chang 16  
 

 
 

domains and then switch to more DOFs at the later stage of the refinement to model subtle 

fluctuations within an RNA. 

 

Temperature-modulated MC Simulation 

For the energy function of the MC simulation, besides the EM energy (EEM) defined by the negative 

cross-correlation between the target EM density and the density converted from the model, here, 

we also introduce a molecular energy (Emol) to prevent collisions within the model and improbable 

conformations. Emol can be calculated by an empirical physics-based force field, Amber99-bs0 

(parmbsc0) (Perez et al. 2007). Therefore, during each step of the MC simulation, the generated 

conformation is evaluated by a total energy function (Etotal), which combines EEM and Emol. The 

total energy function is derived as Etotal = Emol + ωEEM. A weight (ω) at the EM energy is used to 

control the contribution arising from the experimental EM data. All the HNMMC refinements were 

performed with the simulated annealing optimization. A modulated temperature profile was 

applied to facilitate the exploration of different conformations and help the structure efficiently 

escape from local energy minima (Supplementary Fig. 1). The protocol is implemented in the 

software package, MOSAICS-EM (Zhang et al. 2012).  

 

Cryo-EM Data Collection for MS2  

The RNA virus, MS2 particles were imaged under an FEI Tecnai F20 cryo-electron microscope 

with a field emission gun (Thermo Fisher Scientific) operated at 200 kV. Data was collected on a 

K2 Summit direct detection camera (Gatan) in the super-resolution mode. A nominal magnification 

of x29,000 was used, yielding a sub-pixel size of 0.625 Å. A 33-frame movie stack was recorded 

for each exposure, with a dose rate of 8 e−/pixel/s on the camera and 0.2 s per frame for a total 

exposure time of 6.6 s. 

 

Cryo-EM Data Processing for MS2 
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The collected super-resolution movie stacks were processed as previously described (Meng et al. 

2019). First, the movie stacks were binned by 2, then aligned and summed using Unblur (Grant 

and Grigorieff 2015) with electron dose filtering. The defocus value of each summed micrograph 

was estimated using CTFFIND4 (Mindell and Grigorieff 2003). The particles were picked semi-

automatically by e2boxer.py in EMAN2 (Tang et al. 2007).  The particles were then downscaled 

by a factor of 2, yielding a pixel size of 2.5 Å, and refined by RELION (Scheres 2012). To analyze 

the structural difference of the gRNA inside the capsid, focused classification in RELION was 

used with a soft-edged mask around the flexible region of the gRNA. The orientation parameters 

for the 3D classification were directly taken from the consensus refinement. Four classes were 

requested in the 3D classification and yielded four maps representing 22.92%, 31.69%, 23.11% 

and 22.28% of the total particles, respectively. Visual inspection grouped Classes 1, 4 together 

(45.2%) and Classes 2, 3 together (54.8%), due to the similar gRNA conformations, respectively, 

leading to two dominant gRNA conformations in MS2 virions. After refinement, we obtained two 

cryo-EM maps of MS2 with different gRNA conformations, both at 7.4-Å resolution. 
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The software and examples can be obtained from https://cryoem.tamu.edu/software/. The cryo-

EM maps of MS2 are deposited into EM-Databank with accession ID: EMD-21659 (gRNA 

conformation 1) and EMD-21660 (gRNA conformation 2).  
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Figure 1. HNMMC refinement of a deformed tRNA. (A) The DOF of a tRNA. Each helical stem 

(red, blue, green, and yellow) of a tRNA is defined as a natural move (indicated in each box) which 

can translate and rotate independently, with each red dot as a center of rotation and translation. 

Two flexible unpaired loops are colored gray. (B) The starting tRNA model with 8.72-Å C4’ RMSD 

to the target structure fitted in the target map. (C) The refined model with the lowest total energy 

(Etotal) has a C4’ RMSD of 1.37Å to the target structure. Each helical stem of the tRNA model is 

colored red, blue, green and yellow, respectively, based on the DOF defined in Panel A. The 

transparent density is Gaussian-blurred from the target structure to 5-Å resolution. 

  

 Cold Spring Harbor Laboratory Press on June 2, 2021 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


  Chang 28  
 

 
 

 

Figure 2. HNMMC refinement of the native structure of the ribonuclease P S-domain 

against the cryo-EM map of the folding intermediate. (A) The flow chart of the refinement 

protocol of the S-domain. DOF 1 is applied in the first step to generate 10,000 conformations 

without the restraint from the cryo-EM density. DOF 2 with two levels is applied in the last step for 

a detailed refinement. (B) The conformational difference between the 500 representative 

conformations from clustering the 10,000 conformations. The scatter plot shows the differences 

among the 500 models by multidimensional scaling computed using the matrix of the pairwise C4’ 

RMSD among the 500 conformations. Each point represents one conformation. The 18 unique 

conformations with high cross-correlation to the target map are marked as solid purple or red dots 

with the red dot representing the conformation with the highest cross-correlation. (C) The heat 
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map of the normalized cross-correlation of the 500 representative conformations to the target 

map. The 18 unique conformations with high cross-correlations are marked as stars. The red star 

at the top-left corner indicates the conformation with the highest cross-correlation. 
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Figure 3. HNMMC refinement of the handle in Mtb 50S rRNA. (A) Seven levels of the DOF to 

describe possible motions of the handle. For each level, the red fragment can move as a group 

while the black fragment is fixed. The magenta labels the sarcin-ricin motif (close to the three-way 

junction) and the tetraloop (at the tip of the handle). Combining these seven levels can effectively 

describe the bending of the handle at each junction. Note that each nucleotide is still allowed to 

fluctuate around its position within the red fragment for subtle conformational variations. (B) The 

initial model of the handle obtained from the Mtb 50S is docked against the cryo-EM density of 

the handle from the Mtb 70S. (C) The HNMMC refined model of the handle. 
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Figure 4. HNMMC refinement of the gRNA fragment 2394-2604 inside MS2. (A) The definition 

of DOFs of the gRNA fragment 2394-2604. The red fragment in Level 1 and 2 of DOF 1 is the 

natural move that moves as a group. For Level 3 and 4 of DOF 2, the different colors represent 

different natural moves. The black region at all levels is fixed. In Level 3 and 4, the black region 

is the gRNA fragment 2468-2481 with a high-resolution EM structure. The gray color represents 

unpaired RNA loops that can also move. (B) The initial model of the gRNA fragment 2394-2604 

and the corresponding cryo-EM density. The helical stems are colored as Level 3. (C) HNMMC 

refined model of the gRNA fragment 2394-2604 against the target cryo-EM density. The thin red 

line is the backbone trace from the previous published result (Dai et al. 2017). 
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Figure 5. HNMMC refined models of the complete MS2 gRNA. (A) The ensemble of 20 refined 

models colored according to the genes in the schematic diagram at the bottom (MP: maturation 

protein, CP: coat protein, Rep: replicase, Lys: lysis protein). The lysis gene is not colored on the 

ribbon models due to the overlap with the genes for the coat protein and the replicase. (B) The 

conformational variation among the 20 refined models at each nucleotide colored by the average 

C4’ RMSD among the 20 models. The color scale from white to red denotes low to high RMSD. 
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Figure 6. Two conformations of the gRNA inside MS2. (A) and (B) Two dominant gRNA 

conformations of the MS2 (C1 and C2) are modeled based on the two cryo-EM maps. The gRNA 

fragments with large differences between the two models are colored yellow (gRNA fragment 

614-879), green (gRNA fragment 1643-1700), blue (gRNA fragment 1992-2125) and red (gRNA 

fragment 2922-3087). Two copies of the coat protein dimers, which switch interacting stem-loop 

partners, are outlined by transparent green (Dimer 1: D1) and transparent blue (Dimer 2: D2). The 

insets of the capsids (magenta: maturation protein, green: D1, blue: D2, yellow: rest of the coat 
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protein shell) show the viewing orientation for the corresponding columns and the location of the 

two dimers on the capsid.  
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