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Abstract

Single-stranded RNA viruses package their genomes into capsids enclosing fixed volumes. We 

assayed the ability of bacteriophage MS2 coat protein to package large, defined fragments of its 

genomic, single-stranded RNA. We show that the efficiency of packaging into a T=3 capsid in 
vitro is inversely proportional to RNA length, implying that there is a free-energy barrier to be 

overcome during assembly. All the RNAs examined have greater solution persistence lengths than 

the internal diameter of the capsid into which they become packaged, suggesting that protein-

mediated RNA compaction must occur during assembly. Binding ethidium bromide to one of these 

RNA fragments, which would be expected to reduce its flexibility, severely inhibited packaging, 

consistent with this idea. Cryo-EM structures of the capsids assembled in these experiments with 

the sub-genomic RNAs show a layer of RNA density beneath the coat protein shell but lack 

density for the inner RNA shell seen in the wild-type virion. The inner layer is restored when full-

length virion RNA is used in the assembly reaction, implying that it becomes ordered only when 

the capsid is filled, presumably because of the effects of steric and/or electrostatic repulsions. The 

cryo-EM results explain the length dependence of packaging. In addition, they show that for the 

sub-genomic fragments the strongest ordered RNA density occurs below the coat protein dimers 

forming the icosahedral 5-fold axes of the capsid. There is little such density beneath the proteins 

at the 2-fold axes, consistent with our model in which coat protein dimers binding to RNA stem–

loops located at sites throughout the genome leads to switching of their preferred conformations, 

thus regulating the placement of the quasi-conformers needed to build the T=3 capsid. The data 

are consistent with mutual chaperoning of both RNA and coat protein conformations, partially 

explaining the ability of such viruses to assemble so rapidly and accurately.
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Introduction

Viruses with single-stranded RNA (ssRNA) genomes are a large fraction of all known 

viruses and include major pathogens of many organisms including humans.1 Many of these 

viruses construct highly symmetrical protein shells that self-assemble around inherently 

asymmetric genomic RNAs. Such assembly mechanisms pose generically interesting 

structural puzzles that remain largely unsolved.2 How do these viruses preferentially 

package their genomic RNAs from a large background of cellular RNA? How do they 

regulate the formation of their protein capsids, maximising the formation of a correctly self-

assembled capsid rather than non-specific aggregates? This is an especially interesting 

problem for viruses that use the principles of quasi-equivalence to construct their capsids. 

Such viruses must simultaneously regulate the formation of different quasi-conformers of 

the same protein sequence in the proportions needed to build a capsid of the required size 

and symmetry.2,3

Recently, we showed for the ssRNA bacteriophage MS2 (Fig. 1) that quasi-equivalent 

conformer switching can be controlled by binding of short RNA stem–loops to the basic 

building block of the MS2 capsid, a coat protein dimer (CP2).4,5 For MS2, there is a well 

characterised sequence-specific interaction between CP2 and a specific RNA stem–loop 

(TR) of just 19 nt in length that can fold from within the genomic RNA (Fig. 1a).6–11 The 

TR sequence encompasses the start codon of the viral replicase, and coat protein binding in 
vivo results in translational repression of the replicase cistron. The interaction between TR 

and CP2 is believed to function as an assembly initiation site in vivo, ensuring in this case 

cognate packaging of MS2 RNA even in the presence of competing RNA phages.12 In vitro, 

TR:CP2 confers packaging specificity on RNAs but this effect is modest in longer 

RNAs.13,14

The T=3 protein capsid of MS2 (Fig. 1b and c) has an icosahedral surface lattice consisting 

of 180 coat protein subunits packaged as 90 non-covalent dimers.15,16 The dimers define the 

quasi-conformers in this structure (A/B and C/C), which differ primarily in the 

conformations of the loop of polypeptide connecting the F and G β-strands, the FG-loop. 

Using a combination of chromatography, mass spectrometry and NMR to assay the effects 

of TR binding by protein dimers, we showed that in the absence of RNA the proteins are 

symmetric and C/C-like.5 Stopped-flow fluorescence experiments showed that TR:CP2 

interaction is very rapid and essentially diffusion-controlled, suggesting that the initial RNA 

complex occurs with a C/C-like dimer.17 NMR shows, however, that TR binding promotes 

asymmetry within the dimer caused by conformational changes within the FG-loops, i.e. the 

TR:CP2 rapidly becomes A/B-like (Fig. 1a). The results are consistent with the RNA 

displacing a conformational equilibrium towards the asymmetric dimer, which in the 

absence of RNA lies largely on the side of the symmetric structure. A recent all atom normal 

mode analysis of the TR:CP2 complex suggests that the conformer conversion may occur via 

a process of dynamic allostery as a result of asymmetric binding of an A-type RNA 

duplex.18 Such a mechanism is consistent with the lack of RNA sequence-specificity of the 

conformational change.4
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Neither the symmetric nor the asymmetric species by themselves is competent for rapid 

assembly. RNA-free protein dimers do not self-aggregate significantly over many hours, as 

judged by mass spectrometry. Similarly, TR:CP2 complexes in which the RNA is present at 

saturation are also relatively stable, forming minor aggregates only after several hours.5 If 

both coat protein dimer species are present, however, assembly to higher order intermediates 

and the T=3 capsid is extremely rapid,5,69 suggesting that the RNA-free and RNA-bound 

forms of the protein are the only building blocks needed to make the capsid, i.e. that they 

correspond to C/C-like and A/B-like dimers. These results do not imply that capsids will not 

form in the absence of RNA or that they will not package non-specific RNAs. At high 

concentrations of coat protein or over long periods of time, capsids are formed slowly in low 

yield in the absence of RNA, consistent with the conformational equilibrium described 

above. Here, we address the implications of the simple RNA allosteric conformational shift 

model, based on assembly triggered by small RNA stem–loops, on capsid assembly with the 

genomic RNA, where the TR sequence occurs only once.

The roles that genomic RNAs play in the assembly of ssRNA viruses have not been studied 

extensively and are still poorly understood. In part, this may reflect the fact that we have few 

data on the structures of the RNAs within the virion.1 There are now many high-resolution 

X-ray structures of ssRNA viruses but in most cases there is little or no electron density 

corresponding to the RNA. A range of technical factors19 contribute to this, including the 

symmetry averaging that is routinely applied to improve the density of the highly symmetric 

protein capsids. The genomes are fundamentally asymmetric objects, so this averaging tends 

to remove density for genomic RNA unless it is packaged with strict icosahedral 

symmetry.20 This effect is exacerbated because the middle to low-resolution diffraction data 

contribute most to structure determination of nucleic acids.19 Recently, the available 

structural information has increased due to the determination of more structures that include 

low-resolution data, and the growing use of cryo-electron microscopy (cryo-EM) to 

investigate virus structures.21-26 In a number of cases, density has been found directly below 

the capsid protein layers that can be confidently ascribed to RNA.20,22-24,27

The X-ray structure of the MS2 virion16 does not contain any significant density that could 

be the genomic RNA, even though the full-length 3569 nt ssRNA is present. Our recent 

work, inspired by previous cryo-EM structures presented by van Duin and colleagues,23,24 

gives a dramatically different insight into the RNA structure of this particle. In contrast to 

the high-resolution X-ray structure, the icosahedrally-averaged cryo-EM map at sub-

nanometre (~9 Å) resolution,22 contains significant amounts of ordered density, which we 

estimate may account for up to 85% of the genome. These contrasting results, in two 

structures both of which were icosahedrally averaged, imply that although the genome is not 

ordered at atomic resolution, it is nevertheless ordered at intermediate resolution and is 

packaged with pseudo-icosahedral symmetry. The RNA density consists of two concentric 

shells connected by columns of density at the icosahedral 5-fold symmetry axes. The most 

distal density in the outer shell of RNA is located directly below the protein subunits within 

the capsid, suggesting that multiple RNA–protein contacts occur during assembly. Note that 

the internal density must include the RNA-binding domain(s) of the single copy of 

maturation protein that is present in mature virions.
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In the averaged cryo-EM structure there is RNA density below all the protein dimers in the 

capsid, i.e. at both C/C and A/B positions, although there are differences in the density 

below each type of dimer. A similar reconstruction of T=3 capsids reassembled in the 

presence of multiple TR stem–loops also shows density below both types of dimer, 

consistent with the stopped-flow result suggesting that TR can bind C/C dimers, as well as 

A/Bs. In principle, therefore, two types of RNA–protein interaction occur with the coat 

proteins of the capsid. Since RNA–protein dimer interactions are highly favourable, with a 

binding free energy (ΔG) of ≈ −50 kJ mol−1,28 these contacts are a significant driving force 

for capsid assembly. Although the averaging in the cryo-EM structures makes unambiguous 

interpretation difficult, the differences in RNA density below the two types of protein dimer 

suggest that appropriately positioned RNA stem–loops within the genome could actively 

contribute to coat protein conformer switching throughout capsid assembly. This would be 

advantageous for cognate RNA, because it would make capsid formation both efficient and 

rapid at a time when the host cell is about to lyse by providing additional co-operative inter-

molecular contacts.29 It would also favour specific encapsidation in the presence of cellular 

RNA.

In order to test these ideas, we have carried out in vitro assembly experiments with large 

genomic RNA fragments and determined the cryo-EM structures of the resulting assembly 

products. The results suggest that the RNAs are packaged co-operatively by the coat proteins 

in a reaction that involves RNA compaction. Sub-genomic fragments show significantly 

stronger RNA density below 5-fold than at 2-fold positions, consistent with the expectations 

of the multiple conformer switching model.

Results

The dependence of assembly efficiency on RNA length

The cryo-EM reconstruction of the MS2 virion shows density for the majority of its RNA 

genome organised into two concentric shells.22 Approximately two-thirds of the observed 

RNA density lies directly beneath the lattice of RNA binding sites presented on the inner 

surface of coat protein subunits, with the remainder located in an inner shell connected along 

the 5-fold axes. In order to explore how this complex RNA structure forms during capsid 

assembly, we created three DNA templates for RNA polymerase T7 (see Materials and 

Methods) encompassing different lengths of the MS2 genome (Fig. 1d). Two of the 

transcripts encompass approximately two-thirds of the MS2 genomic sequence from either 

the 5′ (5′RNA) or the 3′ (3′RNA) end. The third, smaller transcript (iRNA) encompasses the 

central section of the RNA genome and represents approximately one-third of the total. All 

three fragments include the sequence corresponding to the TR assembly initiation site, 

where we assume assembly would initiate in each case, allowing direct comparison of the 

effects of RNA length and structure on capsid assembly. These RNA sub-genomic fragments 

were used in assembly assays, together with phenol-extracted, full-length virion RNA 

(vRNA).

The RNAs were used to trigger capsid assembly in the presence of dissociated coat protein 

dimers (CP2). The RNAs, at a concentration of 40 nM, were mixed with various 

concentrations of CP2 encompassing a range of CP2:RNA stoichiometry from sub-
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stoichiometric to values in excess of those required to allow complete assembly of the T=3 

shell. Under these conditions, high-affinity coat protein–TR interactions with every RNA 

would be expected to initiate assembly at the same site. Reaction mixtures were incubated at 

24°C for 3 h and the products were monitored by gel mobility assays and negative stain 

transmission electron microscopy (Fig. 2). For the vRNA and 5′ RNA, the protein-free 

nucleic acid migrated more slowly than a sample of recombinant T=3 MS2 capsid,5,30 the 

mobility of the 3′RNA was very similar to that of the capsid and iRNA migrated more 

rapidly than the capsid. For each RNA assembly reaction, there are bands in the gels 

migrating more slowly than the capsid and protein-free RNA, which might be aggregates. A 

band of protein-free RNA remained throughout most of the titrations, implying that some 

RNAs proceeded to assemble whilst others did not bind protein. This is consistent with the 

appearance of T=3 capsids in transmission electron micrographs and on the gels at sub-

stoichiometric ratios of CP2: RNA. These results suggest that partially assembled capsids 

compete successfully with protein-free RNA for the available free CP2. The efficiency of 

capsid formation was clearly dependent on both coat protein concentration and the RNA 

fragment being packaged.

For some RNAs, there is little difference between the mobility of the free RNA and that of 

the T=3 capsid, which means that gel mobility assays are not ideal for these studies. We 

therefore switched to using sedimentation velocity assays, which allowed us to characterise 

all the components present in the assembly mixtures simultaneously (Fig. 3). Under the 

assembly conditions, the MS2 virion, the recombinant T = 3 capsid and the starting CP2 are 

all well resolved. These components appeared homogeneous with sedimentation coefficients 

very similar to those reported earlier (Table 1).31-35 Note that the recombinant capsid30 lacks 

both MS2 genomic RNA and the single copy of the maturation (A) protein present in the 

virion. From absorption measurements, it appears to contain significant amounts of non-

specifically encapsidated Escherichia coli RNA, which could include the recombinant coat 

protein mRNA. The sedimentation of the different RNA fragments suggested that they were 

conformationally heterogeneous, although each was dominated by a major species with an 

s20,w value proportional to its length. A fraction of each sample sedimented more slowly, 

perhaps corresponding to an unfolded or partly folded form. The sedimentation coefficients 

of the faster-migrating components are similar to data in the literature for full-length MS2 

RNA,34,36 and those for the sub-genomic fragments are comparable to values for similarly 

sized ribosomal RNAs (Table 1).37 The amount of tertiary structure in these RNAs was 

assessed by removing divalent metal ions with EDTA.38 This treatment resulted in a 

10~15% reduction in the observed s20,w values for the longer RNAs, suggesting that the 

fragments are at least partially folded. The smallest fragment (iRNA) showed no significant 

change in its s20,w value, implying that its structure is not dependent on divalent metal ions. 

The calculated frictional coefficients show that all the RNAs are highly asymmetric. 

Estimates of the Stokes radii suggest that all have persistence lengths that are larger than the 

internal diameter of the T=3 capsid (Table 1). Assembly must therefore involve a 

rearrangement of these RNA solution conformations to permit packaging within the protein 

container.

We then analysed capsid assembly with each RNA fragment in the presence of increasing 

ratios of CP2:RNA, from a stoichiometry of 10:1 to 110:1 (Fig. 3). The results are consistent 

Rolfsson et al. Page 5

J Mol Biol. Author manuscript; available in PMC 2016 March 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



with the conclusions from the gel mobility experiments; as the protein concentration 

increases there is an increase in the amount of RNA sedimenting with an s20,w value similar 

(62–66 S) to that of the recombinant T=3 capsid (65 S). There are only small differences in 

s20,w values between capsids assembled around the different RNAs. These are difficult to 

interpret unambiguously because RNA and protein have significantly different partial 

specific volumes, making it difficult to predict the s20,w values of each capsid product. The 

importance of this effect can be judged by comparing the s20,w values of capsids assembled 

around short (≤19 nt in length) RNA stem–loops, in which the RNAs are confined to the 

layer adjacent to the protein shell. These values range from 53–63 S, significantly lower than 

the values for the larger RNAs even though some of these contain a larger mass of RNA. 

Note that the sedimentation of CP2 alone in the upper panel is for the protein incubated at 

the same concentration as the 90:1 reaction in incubation buffer. Its behaviour is identical 

with that of the starting material, emphasising the role(s) of the RNA in promoting efficient 

assembly. Few, if any, RNA species sediment with s20,w values intermediate between the 

starting materials and the T=3 products. The stoichiometry of these particles is hard to 

estimate but the molar excess of CP2 is such that, in principle, each T=3 shell should contain 

only one RNA. At higher CP2:RNA ratios, in addition to assembled T=3 shells, small 

amounts of faster sedimenting material were also present, perhaps corresponding to the 

slower moving material seen in gel assays. The clear result is that not all RNAs promote 

assembly with the same efficiency, as judged by their ability to assemble into species with 

s20,w values similar to that of the T=3 capsid. The efficiency of encapsidation is inversely 

proportional to the length of the RNA, implying that there are energy barriers that must be 

overcome to package these RNAs into the capsid. This would be consistent with the need to 

reduce the Stokes radius of each RNA molecule. As a consequence of this property, vRNA is 

the least efficiently packaged RNA.

RNA-binding ligands prevent capsid assembly

One consequence of the apparent structural rearrangement of RNA during assembly is that 

reagents that prevent or inhibit RNA folding should reduce the efficiency of packaging. To 

test this idea, we carried out similar assembly reactions with the 5′RNA in the presence of 

ethidium bromide (EtBr), which intercalates between the nucleotide bases thereby stiffening 

and distorting RNA structure.39,40 EtBr was added to the reaction at a stoichiometry of 1 

EtBr molecule/8 nt of RNA, which is close to saturation.41,42 The RNA sediments more 

slowly in the presence of EtBr (Fig. 4), consistent with our expectation of the effect of the 

ligand on the conformation and flexibility of the RNA in solution. Very little capsid is 

formed in this reaction and most of the RNA remains protein-free as judged by its mobility 

in gels and its sedimentation in the centrifuge. These results might arise if EtBr competes 

with coat protein for binding the TR site within the fragments, preventing assembly 

initiation. Mass spectra of assembly reactions driven by TR stem–loops, however, show no 

evidence that EtBr binds to TR or reduces binding by coat protein.69 This result suggests 

that the EtBr effects arise due to increased resistance of the longer RNAs to compaction.

Cryo-EM reconstruction of the sub-genomic assembly products

To assess the effect of RNA length on the structure of the packaged RNA, assembly 

reactions were carried out with each of the sub-genomic RNAs and the products were 
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examined by cryo-EM. Three-dimensional (3D) reconstructions were then determined for 

the resultant T=3 virus-like particles (Fig. 5). The icosahedrally averaged cryo-EM maps 

(resolution 16–18 Å; Supplementary Data Fig. S1) are all similar in the protein layer to both 

the crystal structure for the MS2 virion at this resolution (Fig. 5a–c; Supplementary Data 

Fig. S2b–d) and our previous cryo-EM reconstruction (Fig. 5d).22 A shell of density 

corresponding to RNA is present in all three structures, lying immediately beneath the 

protein capsid layer (Fig. 5f–h). However, there is little if any ordered RNA density at 

shorter radii (Fig. 5k–m); i.e. towards the centre of the particle where the second shell of 

RNA is seen in the wild-type virion (Fig. 5n). The RNA density that is observed in these 

structures is primarily located around the icosahedral 5-fold axes, the sites where the A/B 

dimers are located in the T=3 capsid. Much less density is present at the 2-fold axes; i.e. 

beneath the positions of the C/C dimers (Fig. 5f–h). The fact that all of these 3-D structures 

are icosahedrally averaged complicates the interpretation of the density. However, these 

results clearly imply that, for each of the sub-genomic RNAs, there is high occupancy of 

RNA in the 60 binding sites below A/B dimers (surrounding the icosahedral 5-fold vertices), 

and a much lower occupancy beneath the 30 C/C dimers (on the icosahedral 2-fold axes). 

This disparity in occupancy is consistent with the idea that multiple RNA-mediated 

switching of quasi-conformers occurs throughout the assembly of the T=3 shell by RNA 

stem–loops of differing sequence. It appears that the genomic RNA acts to guide the 

conformation of protein dimers throughout the assembly of capsids.

An assembly reaction was also carried out with vRNA but it was difficult to obtain sufficient 

data for a 3-D reconstruction because the majority of capsids appeared to have low RNA 

occupancy (Supplementary Data Fig. S3), compounding the low assembly efficiency (see 

above). In order to complete a reconstruction of an authentic vRNA containing capsid, 

“empty” particles (see Materials and Methods) were excluded from the dataset. The 

resulting reconstruction at ~30 Å resolution was calculated from just 80 individual particles 

(from 65 of the 288 micrographs initially recorded), and is clearly biased towards showing a 

‘full’ structure. It does, however, allow a direct comparison between the vRNA capsid and 

the sub-genomic RNA fragment capsids (and the native virion), albeit one that is difficult 

because of the large differences between the respective resolutions of their electron density 

maps. However, a qualitative comparison suggests that in the protein capsid region, the 

vRNA map is again consistent with the known crystallo-graphic structure at this resolution 

(Fig. 5e; Supplementary Data Fig. S2d). The arrangement in the outer shell of RNA is 

similar to that seen earlier with the sub-genomic RNA maps; a ring of density surrounds the 

5-fold axes below the A/B dimers with weaker density beneath the C/C dimers (Fig. 5j). 

This again implies a higher RNA occupancy at A/B than at C/C dimers when the virion 

RNA is packaged in vitro.

In marked contrast to the structures with subgenomic fragments, additional vRNA density is 

seen in a second shell at lower radius (Fig. 5o). The disparity in resolution again makes 

comparison to our ~9 Å reconstruction of the virion difficult, but this additional density is 

broadly similar in size and radius to that seen in the wild-type virion (Fig. 5n). In the latter 

map, the RNA shells are connected by columns of density extending along the 5-fold axes. 

This connection is absent from the vRNA structure; weak densities corresponding to the 

inner ends of these columns are visible but they do not extend outwards to join up with the 
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outer shell (Fig. 5o). The similarities between vRNA and virion structures are consistent 

with the idea that the RNA tertiary structures within virions assembled in vivo and within 

particles assembled in vitro with vRNA are similar, albeit with reduced order in the vRNA 

particle, and the presence of maturation protein in the virion. We believe that the most 

probable explanation for the structural data presented here is that all these genomic RNAs of 

various lengths adopt similar folds in the capsid with respect to the coat protein layer. The 

features that form the inner shell are present at least in part but are not observed with the 

shorter RNAs. It appears they only become well ordered, and thus visible in an icosahedrally 

averaged cryo-EM structure, when the capsid packages RNA to the extent that it experiences 

electrostatic or steric constraints. This is consistent with the energy barriers inferred from the 

gel and centrifugation assembly experiments.

Discussion

Earlier, we showed that the MS2 coat protein dimer can be switched between quasi-

conformers by binding to short RNA stem–loops and that there is little if any sequence 

specificity to this effect.4,18 When both RNA-free and RNA-bound forms of the coat protein 

dimer are present simultaneously, rapid self-assembly occurs towards the T=3 capsid. In 

contrast, each isolated conformation of the coat protein dimer is relatively stable, forming 

higher order species and eventually capsids only very inefficiently and slowly. These 

observations have led us to propose an assembly mechanism in which coat protein dimers of 

differing conformation bind alternately to a growing capsid shell.69 The experiments 

described above were aimed at clarifying whether this assembly mechanism applies when 

assembly is driven by genomic RNA–protein interactions.

From our results, it appears that large, subgenomic RNAs are encapsidated in vitro in a 

process that is highly co-operative. We assume that assembly initiates via the interaction of a 

CP2 dimer and the TR sequence present in each test RNA as a stem–loop.6 This should be 

the highest affinity RNA–protein contact, and would result in the formation of a 

CP2:RNA(TR) complex that would yield the first A/B protein conformer. Additional coat 

protein dimers in solution, which are C/C-like, will then bind to this complex creating 

intermediates on the pathway to the T=3 capsid. At particle 5-fold axes incoming protein 

subunits must adopt the A/B conformation in order to generate the correct curvature of the 

final capsid. If non-TR stem–loops throughout the large RNAs are able to engage with these 

dimers in the same way that TR does, then multiple RNA-mediated conformational 

switching events will contribute to the efficient assembly of the T=3 capsid. No such 

repeated RNA–protein interaction is required at the particle 2-fold sites, i.e. underneath the 

C/C dimers. Although RNA can bind there it either does so in a way that does not trigger the 

conformational change, which we have shown is likely to be caused by differential contacts 

to one polypeptide loop in one half of the protein dimer,18 or is unable to cause such a 

change because a dimer is already locked into a C/C site. The cooperativity of assembly 

would then arise because assembly intermediates would present a number of growth points 

for the addition of coat proteins dimers (protein–protein interfaces), which would also be 

adjacent to RNA fragments able to bind incoming subunits. Even though there is little 

sequence specificity to the latter interaction, there are likely to be many stem–loops within 

the genomic RNA that could promote conformer switching.43,44 RNA binding would also 
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make positive contributions to the free energy of assembly. This mechanism is consistent 

with our previous results using smaller RNA fragments because we have shown that short 

natural sequence extensions of the TR stem–loop at either the 5′ or 3′ ends increase the rates 

of T=3 capsid assembly; the longer the RNA the faster the reaction.4 Such an assembly 

mechanism would be highly efficient,45 allowing the virus to complete specific 

encapsidation of its cognate RNA rapidly and before cell lysis. Heterologous RNA 

encapsidation would also be possible but would be less efficient if it did not initiate via a TR 

site.

This model makes several predictions, a number of which have been tested here. Multiple 

switching events require multiple RNA–protein interactions, in this case via RNA stem–loop 

structures. The required stem–loops need not necessarily be accessible in the solution 

conformation of the large RNAs used in these experiments, which might thus have to 

undergo conformational rearrangements of their own to expose the coat protein-binding 

sites. The centrifugation data are consistent with such a process (Figs. 3 and 4). All the 

RNAs tested need to be compacted during assembly. If they all initiate assembly at the TR 

site then we would expect there to be a defined relationship between the RNA sequence/

structure and the lattice of RNA binding sites presented by the protein capsid. In addition, 

the assembly efficiency of longer RNAs under experimental conditions is lower than that for 

the shorter ones, presumably due to the need to rearrange more elements of secondary/

tertiary structure. The fact that the shortest RNA (iRNA, 928nt) is most efficiently 

encapsidated suggests that the switching effect is not absolutely required throughout 

assembly because that fragment is not large enough to switch all 60 A/B dimers within the 

T=3 capsid (60× 20 nt). The stoichiometry of the experiments shown in Fig. 3 is not 

consistent with capsids containing multiple copies of the iRNA. Therefore RNA-mediated 

switching must occur for only a fraction of the assembly process, the remainder of the 

capsid being controlled by protein–protein interactions. These phases of assembly might 

occur with significantly different efficiency, with the RNA-mediated phase being the most 

efficient and including RNA conformational condensation. If it is more difficult for the RNA 

to rearrange its conformation, e.g. in the presence of a ligand such as EtBr or due to steric/

electrostatic clashes for vRNA, assembly is either completely inhibited or less efficient. 

Obviously, assembly efficiency in vivo must depend on the starting conformation of the 

RNA being packaged, which might be different from that of the solution transcripts used 

here. A second prediction of the assembly model is that the RNA interactions at A/B and 

C/C dimers, and hence the cryo-EM density, will be different. Although the icosahedral-

averaging makes unambiguous interpretation of the virion and the T=3 capsids assembled in 
vitro difficult, the results are consistent with this view. This is especially true of the sub-

genomic fragments (Fig. 5 f–h and k–m) because the RNA density at 5-fold axes is so much 

stronger than at 2-fold axes.

The inner shell of RNA is largely absent from the particles assembled in vitro except when 

the full-length vRNA is packaged (Fig. 5j and o). This might reflect altered RNA folds in 

packing the different RNAs, or simply the lack of the steric/electrostatic constraints required 

to order the RNA features forming the inner ring if the capsid is not “full”. We favour the 

latter explanation because the alternative implies that the RNA and coat proteins can sense 

the global status of the RNA, i.e. whether it is full-length or not, at the start of assembly. It 
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seems more likely that assembly is driven by local protein–protein and protein–RNA 

interactions. An obvious inference from the 3-D structures presented here is that there is a 

limit to the amount of RNA that can be packaged into the MS2 capsid. This is perhaps 

surprising, given that vRNA density in the virion, including the RNA-binding domain of the 

maturation protein, occupies only about one-third of the available internal volume.22 The 

nucleic acid packing density here is significantly less than that achieved when procapsids of 

double-stranded DNA bacteriophage are filled by packaging motors.46

The compaction of ssRNA genomes during assembly may well be a common property of 

these pathogens. Using atomic force microscopy, McPherson and colleagues showed that 

rapid removal of the protein coats from other ssRNA viruses allows at least a partial reversal 

of this event, the genomic RNAs expanding over time or upon mild heating.47,48 Gelbart, 

Knobler and colleagues showed that many ssRNA viruses have genomes that are smaller in 

solution than non-viral RNAs of similar length.49 The assembly mechanism described here 

for MS2 would generate an evolutionary constraint on its genomic RNA sequence, and 

thereby its size and structure. The idea that there is a repeated and functionally important 

RNA–protein contact in the T=3 shell seems at odds with the fact that no such ordered 

structure is seen in the X-ray density map. However, most of the RNA is ordered at 

intermediate resolution.22 In addition, many RNA stem–loops with significant sequence or 

functional group differences from TR will bind to all the CP2 in the context of the T=3 

shell.50–53 Presumably, when each of the RNA stem–loops in contact with the protein layer 

are composed of different sequences and detailed secondary structures, the non-

crystallographic symmetry averaging needed to solve the phage structure removes these 

features from the final electron density map.

In the MS2 virion, genomic RNA makes contact with the maturation protein that is absent 

from all of the in vitro assembly reactions. A single copy of the maturation protein is 

incorporated when the virion assembles in vivo.54,55 It is thought to make sequence-specific 

contacts with the genomic RNA close to both its 5′ and 3′ ends,56 as well as being the 

receptor binding component; the side of the F pilus in this case.57,58 Maturation protein 

could therefore potentially loop the RNA, substantially, reducing the conformational space 

that it can explore. Such a conformational restraint would limit the number of incorrect 

tertiary interactions that can form before assembly, potentially leading to increased assembly 

efficiency. Isolated maturation protein is largely insoluble and so it is not yet possible to test 

if this is true. Wild-type virion preparations do contain a fraction of assembled T=3 particles 

lacking the maturation protein. As a result, these particles are non-infectious although they 

contain virion RNA.59 It appears, therefore, that maturation protein–RNA binding is not an 

absolute pre-requisite to RNA encapsidation, even in vivo.

The prediction that there is a packaging size limit and the implication that secondary 

structure elements in solution are conserved in packaged RNAs are inherently testable and 

we are designing experiments to do so. The conclusions from the present study are that RNA 

binding can switch coat protein conformation throughout the assembly process, although 

this could be less crucial at the later stages, and that, simultaneously, protein-binding by the 

RNA leads to rearrangement of the RNA solution conformation that allows it to fit into the 
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space being enclosed. The RNA and coat proteins therefore chaperone each other’s 

conformation during assembly.

Material and Methods

Protein and RNA preparation

MS2 coat protein was over-expressed in E. coli and purified as T=3 capsids as described.60 

Recombinant capsids were treated with 60% (v/v) acetic acid followed by gel filtration and 

buffer exchange into 20 mM acetic acid to yield MS2 coat protein as dimers, which was 

confirmed by mass spectrometry and sedimentation analysis. The concentration of CP2 was 

calculated by measuring absorbance at 280 nm (A280) and at 260 nm (A260) and substituting 

the values into the formula:61

The MS2 sub-genomic RNA fragments were prepared by in vitro transcription from cDNA 

templates. To prepare these templates, a 2676 bp cDNA corresponding to nucleotides 1–

2676 of the MS2 genome was generated by reverse transcription (RT)-PCR of MS2 vRNA 

using Thermoscript™ reverse transcriptase and the primers 1F and 2676R, and subsequently 

cloned into pGEM-T (Promega) to afford pGEMT_2676 (GenBank accession number 

GQ456168). Similarly, a 3528 bp cDNA corresponding to nucleotides 19–3546 of the MS2 

genome was prepared using the primers 19F and 3546R, and cloned into pSMART 

(Lucigene) to afford pSMART_3528 (GenBank accession number GQ456167). It proved 

difficult to generate a full-length cDNA clone incorporating both terminal nucleotide 

sequences of the MS2 genome and therefore two clones were used. Sequence analysis 

indicated that the sequence of these clones is identical in overlapping regions.

T7 promoter-containing cDNA for use in in vitro transcription reactions was produced by 

PCR amplification from the cDNA plasmids using Pfu polymerase (Stratagene). The 5′ 

cDNA was amplified from pGEMT_2676 using the primers 1F_T7 and 2469R. The 3′ 

cDNA was amplified from pSMART_3528 using the primers 992F and 3569R. The iRNA 

was amplified from pSMART_3528 using the primers 1419F and 2346R. The primer 

sequences are given in Table 2.

The MS2 sub-genomic RNA fragments, encompassing nucleotides 1–2469 (5′RNA), 991–

3569 (3′RNA) and 1419–2346 (iRNA) of the MS2 RNA genome, were prepared by in vitro 
transcription using a MEGAscript® T7 transcription kit (Ambion) according to the 

manufacturer’s instructions. The MS2 virion RNA was isolated from wild type MS2 phage 

(a gift from Professor David S. Peabody, University of New Mexico) by extraction with 

phenol/chloroform followed by precipitation with 0.1 M sodium acetate and two volumes of 

EtOH. The integrity of the all RNA fragments was verified by denaturing agarose gel 

electrophoresis before use in capsid assembly reactions and their concentrations were 

determined from measurement of A260.
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Assembly reactions

Capsid assembly was done by titrating the RNA with increasing amounts of CP2 in assembly 

buffer (40 mM ammonium acetate, 1 mM magnesium acetate, pH 7.2). The assembly 

reactions used a fixed concentration of RNA (40 nM) with 5–150 molar excess of CP2 in 20 

μl and 320 μl final reaction volumes for gel mobility-shift analysis and sedimentation 

analysis, respectively, and allowed to proceed for 3 h at 24 °C.

Gel mobility-shift analysis

Loading buffer (5 μl of 40% (w/v) sucrose, 0.25% (w/v) bromophenol blue) was added to 20 

μl of each assembly reaction before electrophoresis in a 1.0% (w/v) agarose gel (100 ml) at 

80 V for 90 min and then stained in TBE running buffer containing 5 μg/ml EtBr and 

visualised at 254 nm.

Sedimentation velocity analysis

The assembly reactions were monitored using a Beckman Xl-1 analytical ultracentrifuge at 

17,000 rpm for 6–12 h at 20 °C. Sedimentation was monitored by measuring A260 at 

intervals of 12 min. For the RNAs, the 50 first scans were used for fitting the sedimentation 

profiles with the program Sedfit with a continuous distribution c(s) Lamm equation model.62 

RNAs were examined in the absence of divalent metal ions using a buffer containing 30 μM 

EDTA. The buffer viscosity and density were calculated with the program Sednterp (Dr 

Thomas Laue, Department of Biochemistry, University of New Hampshire, Durham, NH) 

and were estimated at 0.001008 poise (1 poise=0.1 Pa s) and η=0.99835 g/ml respectively. 

The RNA partial specific volume was set at 0.53 ml/g.35 Stokes radii for capsid assembly 

components were obtained directly from Sedfit. The partial specific volumes of the virion 

and capsid were set at 0.73 ml/g and at 0.68 ml/g for the CP2.63

Assembly reactions for cryo-EM

Capsid assembly was done by mixing RNA with CP2 in 50 mM Tris–acetate, 1 mM 

magnesium acetate, 40 mM ammonium acetate, pH 7.6, on ice. Assembly with virion RNA, 

5′RNA and iRNA was done at a 1:60 molar ratio of RNA and CP2 for 13 h and then a CP2 

chase was added to bring the molar ratio to 1:100 and assembly continued for a further 3 h. 

Assembly with 3′RNA was done at a 1:268 molar ratio of RNA to CP2 for 16 h. These 

conditions were varied slightly to get the best yields with the 3′RNA. T=3 shells were then 

picked for the cryo-EM dataset. After the set assembly time, all samples were flash-frozen 

by plunging into liquid nitrogen-cooled liquid ethane.

Cryo-EM data collection and image pre-processing

Sample preparation, data collection and image preprocessing were carried out as described 

for the wild-type MS2 sample,22 with the exception that micrographs were digitized using 

an Imacon Flextight 848 scanner (Hasselblad A/S, Copenhagen, Demark) at a final object 

sampling of 1.87 Å/pixel. Unless stated otherwise, all image processing steps were carried 

out using SPIDER.64
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Particle selection of virion RNA assembled capsids

Particles recognizable as assembled capsids were selected interactively using the program 

Boxer,65 and corrected for the effects of the microscope contrast transfer function by 

computational flipping of image phases in SPIDER. The particles were centred and then 

subjected to multivariate statistical analysis (MSA) using IMAGIC.66 The classes showed 

two populations of capsids described below (and see Supplementary Data Fig. S3a). The 

entire data set was manually sorted into full and empty particles, and only the full capsids, 

which appeared to have packaged the entire virion RNA, were used in 3-D reconstruction. 

The reconstructions from the empty particles contained very little density for RNA in either 

inner or outer shells, and presumably represent virus-like particles (VLPs) assembled around 

shorter RNA fragments.

3-D reconstruction

3-D reconstruction and refinement were done as described,22 with the exception that the 

low-resolution starting model was projected across 53 orientations (angular sampling of 

3.5°) for the sub-genomic RNA assembly reactions and across 19 orientations (angular 

sampling of 5.5°) for assembly with vRNA. The resolutions of the final reconstructions, 

calculated from 80, 1538, 1697 and 1740 molecular views for the vRNA, 5′RNA, iRNA and 

3′RNA structures, respectively, were ~23–32 Å, 17.5 Å, 16 Å and 16 Å, respectively, using 

the 0.5 Fourier shell correlation criterion (Supplementary Data Fig. S1).

Atomic structure fitting and masking

Fitted atomic coordinates, described earlier,22 for the MS2 capsid (PDB ID 1AQ367) were 

docked into each EM map. To remove the density corresponding to the protein shell from 

the EM maps, the atomic coordinates for the capsid were converted to density, filtered to the 

calculated resolution of each map and normalised. This density was then subtracted from 

each map.

Data bank accession codes

The cryo-EM maps are deposited in the EMDB as EMD6792 (5′RNA), EMD6793 (iRNA), 

EMD6794 (3′RNA), and EMD6795 (vRNA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

ssRNA single-stranded RNA

cryo-EM cryo-electron microscopy

vRNA virion RNA
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Fig. 1. 
The architecture of the T=3 MS2 capsid and sub-genomic RNA fragments. (a) In the T=3 

capsid, the MS2 coat protein subunit (CP) is found in three quasi-equivalent conformers: A 

(blue), B (green) and C (deep red). These conformers form two types of dimer (CP2), an 

asymmetric A/B dimer, and a symmetric C/C dimer, which differ primarily in the orientation 

of the loops between the F and G β-strands (FG loop). Conformational switching between 

symmetric and asymmetric conformations is promoted by the binding of a 19 nt RNA stem–

loop (TR). (b) The A/B and C/C dimers are the basic building block of the capsid.5 The 

extended FG loops of the A and C conformers pack around the icosahedral 3-fold axis and 

the compact loops of the B conformer pack around the icosahedral 5-fold axis. (c) Such 
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packing leads to the T=3 caspid, containing 60 A/B and 30 C/C dimers. (d) The RNAs used 

in this study. The position of the TR assembly-initiation sequence is in gold and boxed, and 

its sequence is described in (a). The RNAs used for assembly reactions are shown in red 

(5′RNA), black (iRNA) and green (3′RNA). The full-length genomic RNA extracted from 

virions is shown in blue. The numbering corresponds to the nucleotide sequence of the 

genomic RNA (GenBank accession number NC_001417; Table 2). Figures 1 and 5 were 

produced using UCSF Chimera68 and PyMOL (www.pymol.org).

Rolfsson et al. Page 19

J Mol Biol. Author manuscript; available in PMC 2016 March 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

http://www.pymol.org


Fig. 2. 
Gel mobility and electron microscopy assays of MS2 capsid assembly. Assembly reactions 

with (a) vRNA, (b) 5′RNA, (c) 3′RNA, and (d) iRNA. The top half of (a – d) shows a native 

agarose gel of capsid assembly reactions induced with the respective RNA. The number 

above each lane indicates the CP2:RNA stoichiometry; i.e. coat protein dimer:RNA, of the 

assembly reaction in that lane. The migration positions of the RNA fragment used in each 

panel, the recombinant MS2 capsid and aggregated material are indicated. Selected reactions 

were negatively stained with 2% (w/v) uranyl acetate and imaged by electron microscopy. 

The scale bars represent 200 nm.
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Fig. 3. 
Assays of packaging efficiency with different lengths of RNA. The figure shows the results 

of sedimentation velocity assays of the different assembly reactions. The two top-most 

panels show C(S) versus S plots of capsid assembly reaction components; i.e. coat protein 

dimer (CP2); T = 3 capsid;30 vRNA and the unliganded RNA transcripts, all at a 

concentration of 40 nM. Note, the coat protein dimer sample is at the same concentration as 

the 90:1 reaction in the lower panel, is in assembly buffer and has been incubated similarly 

to the RNA–coat protein mixtures; i.e. it is the negative control for the effect of RNA on 
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assembly. Its sedimentation does not differ from coat protein dimer starting material during 

the course of the experiment. The remaining panels show similar plots for titrations of each 

RNA with increasing concentrations of CP2 after 4 h at 20 °C in 0.04 M ammonium acetate, 

1 mM magnesium acetate, pH 7.2.
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Fig. 4. 
The effect(s) of ethidium bromide on the efficiency of capsid assembly. Capsid assembly 

was monitored at increasing stoichiometric ratios of CP2:5′RNA in the presence and in the 

absence of 30 μM EtBr. (a) Using native agarose gel electrophoresis, no signal 

corresponding to MS2 capsids was detected in the presence of EtBr after 4 h. (b) 

Sedimentation velocity analysis confirms that assembly is restricted in the presence of EtBr. 

5′ RNA sediments slower in the presence of EtBr, suggesting that EtBr intercalation results 
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in expansion of RNA structure and inhibits folding of the RNA into a structure compatible 

with the capsid.
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Fig. 5. 
Cryo-EM structures of MS2 capsids. (a–e) Surface representation of the cryo-EM structures 

of MS2 capsids reassembled in the presence of 5′RNA (a), iRNA (b), 3′RNA (c) and vRNA 

(e). For comparison, the cryo-EM structure of the native virion is also shown (d).22 All 

structures have been Fourier filtered at ~15 Å resolution, and are radially coloured from blue 

at high radius to red at low radius. (f–j) The rear halves of the 3-D structures of 5′RNA (f), 

iRNA (g), 3′RNA (h), wt MS2 virion (i) and vRNA (j) with the same radial colouring 

scheme. The view for each structure is looking down an icosahedral 2-fold axis. The inset is 

an expanded portion of each structure showing details of the RNA density surrounding the 5-

fold axes (indicated by black pentagons). Atomic coordinates (cartoon representation and 

coloured as in Fig. 1) are fit into a now semi-transparent density. There is little or no density 

for RNA beneath the C/C dimers (on the 2-fold axes). (k–o) Central, 40 Å thick cross-

section views of 5′RNA (k), iRNA (l), 3′RNA (m), the wt MS2 virion (n) and vRNA (o). In 

each case, the view is along a 3-fold axis, and the density for CP has been masked away. The 

fitted atomic coordinates are shown as a grey cartoon. The unfiltered density for packaged 

RNA is coloured radially. The virion (n) shows an outer shell of RNA immediately beneath 

the protein capsid and a second shell of RNA at lower radii, connected to the outer shell 

along 5-fold axes. The inner-shell density is not seen in the sub-genomic RNA cryo-EM 

structures at an equivalent threshold level, and only very weak features are seen in the maps 
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at lower radii (k–m). The inner shell reappears when the vRNA is packaged (o). Schematics 

for the RNA present in the structures shown in each column are shown for clarity.
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Table 1

Hydrodynamic properties of MS2 capsid assembly components

S exp S 20,w f/f0 R S

MS2 virion 74.6±0.5 75.1 1.1 11.6

MS2 capsids 65.4±2.0 65.8 1.2 11.7

CP2 2.3±0.2 2.3 1.4 2.8

Virion RNA 25.7±1.5 25.8 3.0 18.4

Virion RNA + EDTA 22.1±1.8 22.3 3.4 21.3

5′RNA 20.4±1.3 20.5 2.9 15.9

5′RNA + EDTA 17.3±1.2 17.4 3.4 18.4

3′RNA 21.2±1.3 21.3 2.9 16.1

3′RNA + EDTA 18.5±1.6 18.6 3.5 19.5

iRNA 9.7±0.9 9.8 3.2 12.8

iRNA + EDTA 10.6±1.8 10.7 3.0 11.8

Sexp is the experimental sedimentation coefficient in 40 mM ammonium acetate, 1 mM magnesium acetate at 20 °C.

S20,w is the sedimentation coefficient corrected for buffer conditions. f/f0 The frictional coefficient, an indication of how spherical a particle is. 

f/f0 is 1 for a spherical particle.

RS=Stokes radius.
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Table 2

Sequences of primers used to generate MS2 cDNA clones and T7 promoter containing cDNA for in vitro 
transcription

Name Primer

1.F GGGTGGGACCCCTTTCGG

1.F_T7 GATAATACGACTCACTATAGGGTGGGACCCCTTTCGG

19F GGTCCTGCTCAACTTCCTGTCG

992F GGGAAAAGGTGCCTTTCTCATT

992F_T7 GATAATACGACTCACTATAGGGAAAAGGTGCCTTTCTCATT

1419F_T7 GATAATACGACTCACTATAGGGGTCGCTGAATGGATCAGC

2346R CTGTAAACACTCCGTTCCCTACA

2676R TTGTGGAAAATAGTTCCCATCG

2469R CATTCAGGTCTATACCAACGG

3546R TAGTTACCAAATCGGGAGAATCC

3569R TGGGTGGTAACTAGCCAAGCAGCTAGTTACCAAATCGGGAGAATCC
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