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The RNA bacteriophages represent ideal model systems in which to probe the detailed assembly
pathway for the formation of a T ¼ 3 quasi-equivalent capsid. For MS2, the assembly reaction can be
probed in vitro using acid disassembled coat protein subunits and a short (19 nt) RNA stem-loop that
acts as the translational operator of the replicase gene and leads to sequence-specific sequestration and
packaging of the cognate phage RNA in vivo. Reassembly reactions can be initiated by mixing these
components at neutral pH. The molecular basis of the sequence-specific RNA–protein interaction is
now well understood. Recent NMR studies on the protein demonstrate extensive mobility in the loops
of the polypeptide that alter their conformations to form the quasi-equivalent conformers of the final
capsid. It seems reasonable to assume that RNA binding results in reduction of this flexibility.
However, mass spectrometry suggests that these RNA–protein complexes may only provide one type
of quasi-equivalent capsid building block competent to form five-fold axes but not the full shell. Work
with longer RNAs suggests that the RNA may actively template the assembly pathway providing a
partial explanation of how conformers are selected in the growing shell.
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1. Introduction

It is now almost 20 years since the Harrison group

reported the first atomic structure determination for a

spherical virus particle, namely the capsid of Tomato

Bushy Stunt Virus (TBSV) [1]. For the first time it was

possible to see the details of the packing of a single type

of capsomere, the TBSV coat protein (CP), into a quasi-

equivalent, T ¼ 3 spherical lattice [2].

The molecular details of the CP packing were

dramatically different from the expectations based on

the original theory of quasi-equivalence [2]. Instead of

subtle differences in amino acid side chain orientations

between quasi-equivalent subunits, the TBSV CP was

seen to be organised into three distinct domains; a

projecting, C-terminal (P) domain was the most radially

distal feature and non-covalent interactions in this domain

principally created CP dimers; connected to this domain

via a short hinge region was a shell (S) domain composed

of b-sheets in what is now classified as a Swiss-roll

topology, which in turn was connected to an extended N-

terminal domain. Crystallography of viral particles makes

use of the non-crystallographic symmetry of the capsid to

average the electron density maps created and thus

improve resolution. An unfortunate consequence of this

technique is that features within the virus that lack the

symmetry of the outer coat are essentially averaged out of

the final map. Thus, this first structure lacked any density

that could be ascribed to the viral genomic RNA and large

sections of the N-terminal domain that appeared to be

intimately associated with it, consistent with its basic

amino acid sequence. The T ¼ 3 shell is created by

differences in the orientation of the domains of the CP.

In particular, the S domain in a third of the subunits is

extended by an additional section of b-strand drawn from

the N-terminal region. These strands being symmetrical

within CP dimers and extending to the particle three-fold

axes where they interdigitate with symmetry related
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features from other dimers creating what is termed a b-

annulus, before being lost from the electron density map.

The interdigitation of these extra strands of b-sheet has the

result of altering the dihedral angle between S-domains

creating a rather flat junction between them. In contrast, at

the other 120 CP sites (60 dimers) the extra strands are

not incorporated into the S domains but disappear

immediately below the domain to interact with the

RNA, allowing the S domains to collapse towards each

other resulting in a curved junction between domains. The

correct placement of curved and flat elements in the shell

allowed the virus to define a closed shell of the correct size

(,250 Å diameter) and symmetry.

These structural insights led to one of the first structure-

based proposals for the assembly of a T ¼ 3 shell based on

formation of an initial assembly intermediate composed of

a b-annulus, to which additional CPs could bind as

appropriate quasi-equivalent conformers [3]. However, it

has proved very difficult to arrive at a consensus about

the molecular mechanisms underlying the self-assembly

of such capsids, i.e. is there a defined assembly pathway or

are multiple pathways followed until the structure is

complete? In order to address these questions in more

detail, we have chosen to work with the RNA

bacteriophages, especially MS2, since their T ¼ 3 capsids

(figure 1) are composed of small, single domain CPs that

form tightly locked non-covalent dimers (CP2) that differ

primarily in the orientation of a simple peptide loop,

connecting the F and G b-strands, that defines the quasi-

equivalent conformers at the particle symmetry axes.

Since the interactions between the remainder of the CPs

are mostly main chain contacts, the phages are closer to

the original conception of quasi-equivalence than most

viruses and are very easily manipulated. In vivo phage

CPs selectively package their own RNA genomes even in

the presence of closely related competitor phage RNAs

[4], and the basis of this discrimination appears to be due

to a sequence-specific CP2–RNA interaction that occurs

with stem-loop structures that can form within the

genomic RNAs. Formation of these complexes accom-

plishes a number of biological functions. Initial seques-

tration of the start codon for the replicase cistron leads to

Figure 1. The components of the MS2 RNA bacteriophage system (A). From left to right along the top line: the secondary structure of the translational
operator, TR; a cartoon showing the packaging of A/B and C/C dimers into the icosahedral lattice of the capsid, redrawn from [6]. Bottom line: Ribbon
diagram of an AB dimer from the MS2 coat protein shell, viewed from the capsid interior. Subunit A is towards the bottom of the figure, with subunit B
towards the top. A ribbon diagram of an AB dimer from the MS2 capsid complexed with its wild-type RNA stem-loop operator [6]; the A protein subunit
is to the right of the dimer and the B subunit to the left. Complexed RNA is shown in stick format; the structure of the RNA stem-loop operator in
isolation. Molecular figures created using SPOCK [13]. (B) (a) A raw image field of an MS2 in vitro reassembly reaction between TR and CP in neutral
buffer in unsupported vitreous ice. Image taken on an FEI TF20 at 56,400 £ magnification on a Gatan U4000SP CCD camera, binned to give a 2k £ 2k
image with 30mm pixel size.,2000 particles (27 micrographs, nominal defocus 1.2–2.9mm) were interactively selected, their image phases flipped to
give uniformly positive contrast, Fourier filtered between (15–350 Å) and normalised to a constant mean and std. deviation in SPIDER [14]. These
images were then centred against a rotationally averaged total sum of the dataset and subjected to an MSA-based classification in IMAGIC [15]. Fifty
class average views were calculated (,40 raw image views per class). Such classification shows intact MS2 T ¼ 3 capsids (B b) recognisable MS2
capsids in various states of assembly (B e, d) and smaller unidentified assembly intermediates (B e–g).
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translational repression of that gene product, and

apparently marks the phage RNA for specific encapsida-

tion. There are two major questions that we have been

addressing with this system: What is the molecular basis

of sequence-specific RNA recognition, and how does

formation of this complex give rise to a T ¼ 3 shell? The

first question has to a large degree been answered using

crystals of RNA-free capsids to soak in various RNA

stem-loops that can penetrate to the interior of each capsid

via the pores that exist at particle five-fold axes. There the

RNA can bind to every CP2 dimer creating an RNA–

protein interaction that has the same symmetry as the outer

protein shell, allowing the high resolution X-ray structures

of the complexes to be determined by simple difference

maps [5–10]. Our latest results addressing the second

question are described below.

2. Results and discussion

2.1 The assembly pathway

DNA phages make capsid structures lacking genomic

nucleic acid and then package the DNA post-assembly

using specialised packaging machinery [11, 12]. Other

viruses require higher order protein assemblies to form

before they can trigger the assembly pathway. In order to

investigate whether there are defined assembly intermedi-

ates in the MS2 system we used cryo-electron microscopy

(cryo-EM) of reassembling mixtures (figure 1) to examine

the species present in solution. The results suggest that

when reassembly of the T ¼ 3 capsid from CP2 dimers is

triggered by addition of the TR RNA stem-loop, an

assembly process initiates that is akin to a crystallisation

reaction. The shell appears to grow continuously from this

initial complex by a series of low order reactions.

This assembly pathway is similar to that proposed for the

close homologue of TBSV [3], namely Turnip Crinkle Virus,

although in that case the formation of the b-annular structure,

consisting of three CP dimers in the C/C quasi-equivalent

conformation, automatically creates binding sites for the more

curved A/B dimers to add at the edges, and simultaneously

defines the positions of the next particle three-fold axes, and

subsequentb-annuli, via the symmetry related “arms” in each

C-type subunit. The molecular basis of defining the capsid

architecture in the case of the RNA phages, however, must be

different; the initial RNA–protein interaction being entirely

within a single CP dimer. Clearly, it is important to determine

what happens in molecular terms when the TR-CP dimer

forms in order to understand higher order assembly.

2.2 Probing the effects of complex formation on TR
and a CP dimer

NMR [16], fluorescence spectroscopy [23, 28] and bio-

chemical structure probing [27] all suggest that the

unliganded TR RNA exists in solution as an ensemble of

differing conformers and that distinct states can occur in

response to changes in solution conditions. In particular,

NMR suggests that the dominant conformer is one in

which the bulged A (A-10) on the 50 leg of the stem

intercalates between neighbouring base pairs imparting a

distinct kink on the A-helical axis of the RNA. This is a

very different conformer than the one that ultimately is

generated when the TR binds to the CP in the context of a

capsid. In that case (figure 1), A-10 is extruded from the

stem, allowing a fully A-helical structure to occur, and

gets inserted into an adenine binding pocket on one

protein subunit; the symmetry related contact to that

made on the half of the dimer with the A-4 from the loop.

Thus, there are major rearrangements of the stem and the

loop residues to allow these sequence specific RNA–

protein contacts to occur.

Similarly, the unliganded CP dimer exists as a

conformational ensemble. When assembled in the T ¼ 3

shell, eachCP subunit can take upone of three distinct quasi-

equivalent conformations that primarily involve theFG-loop

sequence. In C/C-type dimers, this loop is in an extended

conformation and these loops interdigitate at the particle

three-fold axes between loops in a fairly similar confor-

mation coming fromA-type subunits. In sharp contrast, atB-

type subunits this identical peptide sequence folds back

towards the globular body of the protein. These loops come

together at the particle five-fold axes. It would appear that

the answer to the question of how the molecular assembly

pathway is determined lies in understanding how these loop

conformations are selected. X-ray crystallography [17]

showed that residue Pro78 was in a trans configuration in A

and C FG-loops but adopted the cis configuration in B

subunits, suggesting that it was the molecular switch

controlling this event. This would be consistent with the

conservation of this residue in a large number of phage CP

sequences. However, we found that on replacement of the

Pro with Asn, T ¼ 3 capsids still formed with similar

efficiency. The structure of themutant capsid showed that all

Asn residues were in the trans configuration and that in B

subunits the FG-loop was folded similarly to wild-type

proteinwithAsn being able tomimic very closely the cis Pro

[18]. Substitution of this mutation into an infectious cDNA

clone, however, resulted in a non-viable phage, suggesting

that the conservation of the Pro78 residue is due to another

vital function.These residues fromdifferent subunits line the

pore at the particle five-fold axes and may be important

during extractionof the genomicRNAduring infection, or as

part of the binding site for the maturation (A) protein [19],

that is present at a level of one copy per particle and serves to

bind the phage to the pili of target bacteria.

In order to examine how FG-loop conformations form

we have used NMR to examine the dynamic behaviour of

the CP in solution. This is not possible with wild-type CP

that would self-assemble at NMR concentrations. Instead

we have used a non-assembling mutant, Trp82Arg, that

contains a substitution within the FG-loop. The X-ray

structure of this protein with and without bound TR has

previously been reported [20]. The bulk of the protein is

unaltered from wild-type but the FG-loops were not
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visible due to conformational flexibility. Stopped-flow

fluorescence RNA-CP binding assays show that despite

the sequence change the TR affinity for this protein is

identical to that of wild-type (Lago, unpublished).

Following assignment of the NMR spectrum of

Trp82Arg, we probed dynamic motions within the CP

using measurements of 1H–15N T1/T2 relaxation rates

and heteronuclear nOe measurements [21, 22]. These

techniques probe molecular motion on the sub-nanose-

cond to microsecond scale. The preliminary nOe result is

shown in figure 2(A). No high frequency ps–ns motions

are detected within the main secondary structure

elements of the trp82arg-CP dimer consisting of the

eight stranded b sheets and the C-terminal helices.

However, such motions are significant within the loops

linking these structural elements, especially in the F–G

loops and the ends of the b strands leading to them. Thus,

the primary RNA-binding site comprising the core b-

sheet is relatively stable but the sites at which

conformational changes must take place to allow capsids

to form are very dynamic. Furthermore, the extension of

these motions along the b-strands allows this effect to

overlap, in part, with the RNA-binding site. It is tempting

to speculate that RNA binding and FG-loop confor-

mations are in some sense coupled. This would be

consistent with other stopped-flow experiments that show

that, although the bulk of CPs bind RNA in a diffusion

limited reaction, a fraction of the unliganded CP

Figure 2. Characterisation of the TR-CP2 complex. (A) Figure showing dynamics on ns–ps timescales for the backbone of unliganded trp82org.
The image shows a tubes representation of the backbone of trp82org [PDB code: 1MSC] with 1H–15N hetero-nuclear nOes shown by shading from white
to black with increasing mobility. White represents an nOe of ,0.8–0.9 (the theoretical maximum indicating rigidity) whereas the most intense black
represents an nOe of 0.13, indicating a significant motion. (B) Mass spectrum of MS2 coat protein mixed with TR (in 40 mM aqueous ammonium
acetate), acquired using nanoflow ES Q-Tof MS with a capillary voltage of 900–1200 V, a cone voltage of 90 V, and MCP 2400–2700V. M ¼ CP,
D ¼ CP2, nR ¼ [CP2 2 TR]n, X ¼ [CP3 2 TR]. The number immediately after M, R, D, etc. refers to the charge state of these ions. The insert shows the
m/z 3500–6500 region expanded.
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molecules are unable to bind to the RNA until they have

undergone a conformational change [23].

What might the CP conformers that are competent to

bind TR look like and how might they contribute to the

assembly pathway? We are working to determine the

answer to the first part of this question using NMR but

have been using Q-Tof mass spectrometry to probe the

second part. Figure 2(B) shows the mass spectrum of a

TR/wild-type CP reassembly reaction. Dominant peaks

are seen for the TR-CP dimer complex (1R9, 1R10 and

1R11). However, at higher m/z values, there are a series

of low intensity peaks corresponding to the formation of

higher order multimers of this complex, up to and

including (CP2-TR)5. We have not seen species of higher

stoichiometry in these experiments, suggesting that only

a complex corresponding to a fully formed five-fold axis

can form in such mixtures. This in turn suggests that

there is a preference for forming an A/B CP dimer when

TR binds, since only A/B dimers are found around five-

fold axes.

Such pentamers of dimers have been proposed

previously as an intermediate during the assembly of

the T ¼ 3 shell of CCMV [24]. Is it reasonable to

conclude, therefore, that a similar pathway is followed by

the RNA phages? A number of observations suggest that

this interpretation needs to be treated with care. The

reassembly reactions in which (CP2-TR)5 is observed at

very low levels is triggered by the TR stem-loop

encompassing just 19 nt present at a stoichiometric ratio

with the CP dimer. This entire RNA fragment binds

within a single CP dimer. Although the NMR data

suggest that this might then result in fixing, or promoting,

a defined conformation for the FG-loops, it does not

readily explain how the contacts to the next CP dimer are

regulated. Both mass spectrometry and stopped-flow

fluorescence [23] suggest that CP2-TR complexes are

unexpectedly stable for an assembly initiation trigger. In

the context of the phage genome the TR sequence is only

transiently folded into the operator stem-loop [25], and

there is only one copy of the operator sequence per

,3500 nt. It is therefore important to consider what

effect the genomic RNA has on the kinetics and pathway

of the assembly reaction. Longer RNA fragments will

clearly extend outside the edges of the initially bound CP

dimer. Presumably, in the final capsid, each dimer is able

to make non-sequence-specific contacts to the RNA. This

seems to be consistent with the recent cryo-EM

reconstruction of the wild-type phage [26].

2.3 The roles of phage RNA in the assembly reaction

In order to probe the effects of longer RNA fragments on

the phage CP assembly reaction in vitro, we produced

two longer RNAs, each of 31 nt, encompassing the TR

sequence at either their 50 or 30 ends, i.e. with 12 nt

extensions in either the 50 or 30 direction. These

additional RNA sequences match the natural genomic

sequences but are not large enough to encompass any of

the predicted additional elements of secondary structure,

such as the translational termination stem-loop for the

coat protein that lies 50 to the TR operator (figure 3).

Neither is long enough to mimic the interactions of the

TR with a second CP dimer suggesting that they only

probe a potential role for the RNA “linking” capsomeres.

Reassembly reactions were then carried out by titrating a

fixed amount of the RNAs with increasing ratios of the

CP2 and the products examined after 1 h by gel

electrophoresis on either agarose gels to visualise the

capsid-sized products or agarose-acrylamide gels to

examine the lower molecular weight species being

formed (figure 3(B) and (C)). The results suggest that the

longer RNA fragments all support the assembly reaction

and that T ¼ 3 capsids are the end result of the process.

However, the loss of free RNA occurs at lower protein

concentrations with the longer RNAs and there are

distinct differences in the ability of the RNA–CP2
complexes that form to recruit additional subunits and

form higher order species. The 30 extension RNA in

particular seems to impede progress to higher order

species, even compared to the TR fragment. In contrast,

the 50 extension results in CP dimer-RNA complexes that

readily get converted into species no longer able to enter

the gel. Remarkably, they also generate an additional

RNA–protein species that migrates within the gel (figure

3(C)). Interestingly, the TR stimulated reaction generates

species that migrate slower than the T ¼ 3 capsid in

agarose gels (figure 3(C)). At higher protein concen-

trations, these species tend to disappear and be replaced

by the expected capsid product, whereas the longer RNAs

do not show this behaviour. Analysis of stoichiometric

reassembly reactions with these RNAs using a gel

filtration column coupled to a light scattering detector

(figure 3(D)) confirms the electrophoresis results. For TR

and the 30 extension RNA the principal products are the

RNA–CP2 complex and the T ¼ 3 capsid. In contrast, the

50 extension RNA leads to the appearance of intermediate

species in the column with apparent masses of 150 and

350 kDa.

We interpret these data to mean that the phage genomic

RNA plays an active role in the assembly pathway, i.e. it is not

just a passive cargo to be packaged, and that this is sensitive to

the sequence/structure of the RNA outside the TR operator.

This would make sense because it would allow the RNA to

capture and steer additional CP dimers into the correct

position to make the next contact with the dimer bound to TR.

It is interesting to speculate how far this role of RNA in the

assembly pathway extends, i.e. does it function only at the

start of the assembly reaction in order to establish an essential

intermediate, or does it act throughout the assembly reaction

to define the pathway? Both options imply structural and

sequence constraints on the folding of the genomic RNA. We

are now testing these ideas by combining mass spectrometry

and cryo-EM analysis with the gel filtration/light scattering

assay shown in figure 3 in order to determine the precise

nature of the intermediate species seen with the 50 extended

TR [27,28].
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