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Background: We studied assembly of HBV
capsids using a geneticallysed dimer.

Results: Assembly intermediates composed of
two, three and fiveopiesof a fuseddimer have
been isolated.

Conclusion: Capsid assemblycould progress
using dimeric, trimeric and pentameric
intermediates.

Significance: The low abundance and transient
nature of assembly intermediates make analysis
challenging however, the stability of the
intermediates described here has overcome this.

SUMMARY

Macromolecular complexes are responsible
for many key biological processes. However,
in most cases  details  of the
assembly/disassembly of such complexes are
unknown at the molecular level, as the low
abundance and transient nature of assembly
inter mediates make analysis challenging. The
assembly of virus capsids is an example of
such a process. The hepatitis B virus capsid
(core) can be composed of either 90 or 120
dimers of coat protein. Previous studies have
proposed a trimer of dimers as an important
intermediate species in assembly, acting to

nucleate further assembly by dimer addition.
Using novel genetically-fused coat protein
dimers, we have been able to trap higher-
order assembly intermediates and to
demonstrate for the first time that both
dimeric and trimeric complexes are on
pathway to viruslike particle (capsid)
formation.

Viruses, such as hepatitis B virus
(HBV), present as ideal candidates for the study
of a range of biological processes, including
macromolecular assembly. The core tpho
(Cp, also known as HBcAg) of HBV assembles,
together with the pregenomic RNA (pyR)
and the viral polymeraseinto icosohedral
nucleocapsids. Within these particles the
PgRNA is reverse transcribed into DNA, the
genomic form present in infectious iains (1).
However, Cp alone is able to assemble into
icosohedraVirus-like particles(VLPS) in vitro,
indistinguishable from the nucleocapsids
formed in infected cells. Tlse icosahedral
capsié can be composed of either 90 or 120
dimers of Cp(T numbers 3 and 4, respectively)
Cp is therefore in threepossible quast
equivalent environments iT=3 capsidsand



four in T=4 (Fig. 1A). The protein has two
domains. Rsidues 1149 form the assembly
domain, necessary and sufficient for capsid
assembly whereas the-t€minal nucleic acid
binding domain is requireih vivo (2). Evidence
suggests that € latter domain is largely
disordered (3)whereas theassembly domain is
composed of five ao-helices, lacking the
canonical B-barrel structure prevalent in many
capsid proteins. Its tertiary structure can be
characterised as each monomer forming half of
an upturned T (Fig. 1). Helicabree and four
comprise the dimer interface, or the sfalk
Helix five, together with the subsequent loop
region, forms intedimer contacts that mediate
capsid assembly at the twaand fivefold
icosahedral axes. At the distal end of helix five,
tyrosinel32 extends from the loop. This
residue is essentidior capsid assembly and
contributes a significant proportion of buried
hydrophobic surface at the imeimer
interfaceg4,5).

The quaskquivalent environments are
largely  supeimposable  with  structural
deviations being mostly confined to hefixe,
the proceeding loop and unstructured redi)n
Assembly is not fully understood and although a
wealth of kinetic and thermodynamic
information existg6-13), the pathway to capsid
formation has yet to belucidated in detailCp
forms stablenoncovalent dimers in solution
and assembly can be initiateieh vitro by
increasing ionic strengtfi4). This is thought to
act by inducing a conformational change in the
dimer from assembly inactive to assembly
active forms. Thishypothesisis supported by
the crystal structure of the Y132A assembly
defective mutantrevealing subtle changes in
structure compared to that in the context of the
capsid (15). In silico assembly modelling
suggests assembly progressesnfia nucleation
complex of a trimer of dimer€5). In addition,
mass spectrometry analysis has demonstrated
the presence of a number of species of up to 12
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dimers, including a dimer of dimers and trimer
of dimers(16). More recently, a combination of
mass spectrometry and crgM has revealed
the presence of kineticallyappedincomplete
capsids, which may represent intermediates later
in assembly(13). While these observations are
plausible (given that kinetic trapping is likely to
trap assembly intermediates), assembly of the
trapped species has not been followeado the
formation of intactapsids.

Previously, modified proteins have been
employed to make investigation  of
macromdecular complexes more tractable.
Pentamers of the HRL capsid protein were
isolated using artificially introduced disulphide
linkages and, alternatively, templataven
assembly using fusion protei(s7). In addition,

a Gterminal truncation of the E2 core of
pyruvate  dehydrogenase from Bacillus
stearothermophilus was used to isolate and
charactese a trimeric intermediate in the E2
cage assembly pathwdi8). Indeed, the vast
majority of previous studies of hepatitis B core
assembly have wused a truncated Cp
incorporating the Nerminal assembly@domain
only. Removal of the @erminal domain allows
capsid disassembly/reassembly studies to be
performed in vitro. We have incorporated a
further modificationinto the assembly domain
in order to investigate the capsid assembly
processand to facilitatethe use of these VLPs
as generic scaffolds for antigen presentation
(19). We have engineered a geneticdibsed
dimer (termed fused Cph which two copies of
the Cp assembly domafreferred to as WT Cp)
have been tethered with aNCterminal peptide
linker. This is shown as a cartoon in Figure 1B.
Both WT and fused Cp capsids have been
produced irk. coli.

Here, we have shown that disassembly
reactions of capsids composeddahers ofWT
Cp resulted in the release of roovalent Cp
dimers as expectedn contrast, disassembly of
the fusedCp capdds yielded several products,



corresponding to a monomer, dimer and trimer
of thefusedCp as well as possible higherder
species. Assembly reactions using these species
successfully yielded fully assembled capsids.
Furthermore, assembly reactions in ieth
assembly of these species was allowed to
progress in the presence W/T Cp dimers
resulted in capsids that were a mixture of fused
and WT Cp, consistent with the oligomeric
complexes being incorporated into the newly
formed capsids. These data suggest that the
complexes are assemblycompetent and
therefore represeimtermediates on pathway to
fully assembled capsids.

EXPERIMENTAL PROCEEDURES

Plasmid Constructs - All constucts
were clonedusing the pET28b vector system.
The fusedCp includeda 5 x GGS sequence,
designed to link the @rminus of onessembly
domain to the N-terminus of the other (shown as
a cartoon for illustrative purposas Fig. 1 B).
The construc{alsotermed tandem core CoHo)
also included changes to th&el loopsto
incorporate novel restriction sitesA full
description of thisconstruct and the generation
of other fused Cp variants has bgaublished
elsewhere(19), together with a description of
expression and characterisation in both
prokayotic and eukaryotic systems and
presentation of foreign epitopes.

Protein Expression and Purification -
E. coli BL21 DES cells were grown to QE
0.6 - 0.8 at 37°C. Protein was expressed
overnight at 16°C following induction with 1
mM IPTG. Cells were lysed by French press
and resulting lysates clarified by centrifugation
at 50000 x g for 1hour. Protein was precipitated
from clarified lysates by the addition of solid
ammonium sulphate to 40 %. The harvested
precipitate was resuspended20 mM HEPES,
pH 7.5 250 mM NaCl, 5 mM DTT and clarified
at 10000 x g for 20 minutes followed by 20000
x g for 10 minutes. Protein was subjected to
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sedimentation through linear -BD % sucrose
density gradients in a Beckma#i629 rotor for

3 hours at 4C followed by fractionation into 1
ml fractions. Fractions containing Cp, as
demonstrated by SDBAGE, were dialysed
against 100 mM sodium bicarbonate, pH 9.6
and DTT (2 and 5 mM for monomeric and fused
dimer samples, respectively). Dialysis resulted
in approximately 2.5 fold dilution of the protein.
Solid urea was added to the dilute protein at 4
°C for 3 hours to a final concentration of 3 or 4
M (for samples of WT or fused Cp,
respectively) and subsequently concentrated to
approximately 2 AU at A = 280 nm. The
concentrated protein was briefly sonicated (2 x
5 seconds at 10 microns) then filtered through
0.22 uM membrane. The resulting protein was
separated by size exclusion chromatography
using a 26/60 Superd&00 column
equilibrated with 100 mM sodiumidarbonate,
pH 9.7 and 5 mM DTT (50 mM sodium
bicarbonate, pH 9.6 and 2 mM DTT for
monomeric Cp). Protein elution was monitored
at A = 280 nm and peaks were analysed by
native and SDS PAGE and by Western blotting
and the fractions pooled accordingly.

Transmission electron microscopy -
Negative stain transmission electron microscopy
(TEM) was performed as described (@0)
using 4 % uranyl acetateSamples were
examined using a CM10 transmission electron
microscope (Phillips, Guildford, UK).

Molecular weight determination using
size exclusion chromatography - Protein pooled
from the original chromtographic separation
was loaded onto a 26/60 Super#80 column
and eluted at 1.0 ml min The column had been
calibrated using commercial molecular weight
protein standards (BioRad). These proteins were
used to construct a standard curve, from which
the oligomers masses were derived.

Non-covalent mass spectrometry -
Spectra were acquired using a Synapt HDMS
orthogonal acceleration quadruptime-of-



flight mass spectrometer (Micromass UK Ltd,
Waters Corp., Wilmslow, UK). Oligomer
samples isolated fom sizeexclusion
chromatographywere buttordialysed against
100 mM ammonium acetate, pH 6.8, whereas
the fusedCp samplesvereanalysed in the same
solution at pH 9.5. For the disassembly reaction
analysed  without  prior  sizexclusion
separation, fuse@p capsids werealialysedinto

4 M urea, 50 mM ammonium acetate pH 9.5, 5
mM DTT and incubated at 4 for ~16 hours.
The sample was thedialysed into 50 mM
ammonium acetate pH 9.5, 5 mM DTT. The
samples were electrosprayed from
gold/platinumplated borogdicate capillaries
fabricated irhouse using a -B7 micropipette
puller (Sutter Instrument Company, Novato,
CA) and a sputter coater (Polaron SC7620;
Quorum Technologies Ltd, Kent, UK). The
electrospray capillary voltage was set at 1.7 kV
and the sample oe voltage at 480 V. To
improve the resolution of the oligomer artaly
signals, the voltage of thednsfer region of the
massspectrometer was increased to 50 V. The
instrument had a source pressure of 3 mbar and
a Trapgas (argonjlow rate of 2 ml mifi. Da&
were processed using the Magsk (v 4.1)
suite of software programs supplied with the
instrument.

Assembly reactions - Protein isolated
from size exclusion chromatographwas
concentrated to a minimum of 0.2 mg™nand
subsequently dialysed inttdEPES pH 7.5.
Assembly was initiated by the addition of
sodium chloride to a final concentration of 750
mM. Reactions were incubated on ice for
minimum of two hours, to ensure complete
assembly. Capsids were visualised by TEM.

Chased assembly reactions - Samples of
fused Cp oligomers were separated by size
exclusion chromatography and mixed at a 1:1
ratio with samples of similarly purified/T Cp.
Assembly of protein capsids was initiated with
the addition of sodium chloride to 750 mM.
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Resulting assembliegrere applied to a 10/30
Superdex 75 size exclusion column and e
peak (representing assembled capsid) collected
and fractions pooled. Capsids were
immunaorecipitated from  solution  using
antibody MAB16988 and protein G Sepharose
beads. This antibody rets with the wildtype
c/el loops within the context of the capsid but
has no reactivity against disassembled protein or
the fusedCp. Proten was analysed by Western
blot using Ab 10E11(Abcam, Cambridge)
reactve with all Cp protein samples

RESULTS

Capsids composed of fused Cp
disassemble into oligomeric complexes -
Capsids composed of two different Cp variants
(WT and fusedCp) were used in thistudy
Both Cps lacked the -@rminal domain, as
described previously, for ease of
disassembly/reassembly21). The fused Cp
consists of two WT @ monomers linked
between theC and Ntermin with a5 x GGS
linker sequenceCapsidscomposed of WT or
fused Cp were purified and subjected to
disassembly. 3M urea was sufficientto
disassembleapsids composed T Cp (8).
However, it was necessary to increase urea
concentration to at least M to facilitate
disassembly of capsids composed of fuSed

Separation, using size exclusion
chromatographySEC), ofWT samplegesulted
in two protein peaks, shown in the
chromatogramFig. 2A. Both peaks contained
Cp (predictedMW = 17.3 KDa) as shown by
SDSPAGE ig. 2B). However, protein from
the first peak was unable to enter the matrix of a
nativePAGE gé (Fig. 2) and wasshown by
TEM, to containparticulate matter likely to be
residual capsid not broken down by the
disassembly proces§Fig. 2Di). In contrast,
material from the second peak was resolved as a
single species by native PAGQEig. 2C). This



sanple contained no discernibleigherorder
structures by TEMFig. 2Dii).

In contrast, when the fuse@ip capsids
were subjected to the same process, at least four
peaks resulted, as shown king. 3A. The first
(void volume) peak contained material
corresponding to residual capsid but the ratio of
disassembled material to residual capsid was
reduced, indicating greater stability oépsids
composed ofusedCp. Western blot analysis of
SDSPAGE of the peaks confirmed the presence
of fused Cp in each, asxpected(Fig. 3B).
However, the peaks from the chromatogram
migrated differently from each other when
separated by native PAG[Eig. 3C). Together,
these results indicated that these spewviese
oligomeric complexes of the fused CjVe
found no evidenceof oligomeric complexes
during disassembly oNT Cp capsidsKig. 2).
However, it remaingjuite possible that higher
order complexes were pesg (in equilibrium
with the oligomersat levels too low to detect.

Although the presence of the fused Cp
oligomers could still be detectexdter a week,
samples had a propensity to spontaneously
aggregate and precipitate from solution
indicative that they may be in equilibrium with
lower and higheorder oligomers This was
countered by maintaining the prote in high
pH buffer (a known assembly inhibitg22)).
Although dalysis into neutral pH buffer often
resulted in precipitationthis was cleared by
centrifugation prior to analysis of the protein.

Identification and characterisation of
the fused Cp oligomeric complexes - To
determine the solution molecular weights of the
fused oligomers, samples of each were
separately r@analysed using SEC on a
calibraed Superder00 column,Fig. 4A. The
elution profile was used to calculate the
molecular masses of the oligomers basethen
calibration curve of molecular weight standards.
Extrapolated mass values were 34.6, 93.8 and
181.7 kDa. These equate to ~13 2nd 5 copies
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of the fused Cp (~36 kDa). However, this
technique can often lead to an cestimation

of mass. Thereforethese samples were also
subjected to electrosprayionisationmass
spectrometry (ESFMS) under nordenaturing
conditions Fig. 4B) (23,24) Using this
technique, he fusedCp was clearlydetected
with a mass of 36,224 Da (Fig. 4Band the
oligomers observedvere identified as dimers
and trimers of the fused Cp, with measured
masses of 72,471 and 109,070 Da, respectively
(Figs. 4Bii andii). The high value obtained for
the latter by SEQould be due tdhe presence

of higher mass oligomers in the sampkag(
4A) but coud also reflect differences in
dynamics, as discussed previougp). In order

to characterise these lembundance oligomers
further, samples of fusedp capsids were
subjected to disassembly aB&GFMS analysis
without SEC purification. In this mixed sample,
oligomers with masses corresponding twm-

five copies (inclusive) of the fused Cp were
detected, with measured mass values of 72,400,
108,777, 145,384 and 182,935 Da, respectively
(Fig. 4Biv). It is possiblethat the identification

of the tetramer and pentamer of fusediCphis
sample was due to the absence of SEC
purification, which can lead to the loss of
materia] resulting in lower concentration.
Furthermore, tie different abundances of the
oligomers réative to those seen in the SEC
chromatogram may be due to the different
buffer conditions used. Nevertheless, the data
agree qualitatively with SEC and provide a
more accurate measurement of mass and
therefore a more confident assignment of the
oligomericstates of the fuse@p formed in the
disassembly process.

Oligomers of fused Cp are on pathway
for assembly into capsids - Assembly reactions,
akin to thosepreviously documented (7yere
carried out to determine if the samples
corresponding to dimerar trimers of fused Cp



were competent for assembly into capsids.
Samples of each protein at ~0.2 mg*mlere
treated with NaCl to a final concentration of 750
mM and assembly allowed to proceed for
minimum of two houron ice Protein samples
were thenanalysed byTEM which showed the
presence of capsids in each of the sam{ptas

5). This suggested that the three oligomers were

competent for capsid assemblyand,
furthermore, that theoligomers were on
pathway and we therefore assembly

intermediates. However, it is possible that
contamination of samples with very small
amounts of free fused dimer Cp could be
responsible for the results observed.

To confirm that tle oligomers were
indeed assemblgompetent we chased the
assembly of each wittWT Cp dimers Samples
of oligomers andWT Cp dimers were first
purified usingSEC as described abov€apsid
peaks were discarded and samples representing
fused Cp and dimers or trimers ofused @
weremixed withWT Cp at 1:1 ratigequimolar
on the bais of mas$. Reassembly was triggered
with NaCl, as aboveand it was clearly
demonstrated by SEGf the assembly reactions
that all oligomers were assemidgmpetent
(Fig. 6A). In order to characterise the
composition ofthesecapsids, we exploited the
use of amonoclonal antibody to the c/el loop
(MAB16988, Millipore). This antibodys able
to recognise capsids composedveéT Cp (but
not free Cp dimers) ands unable to recognise
fused Cp wunder any conditions due to
modifications of the c/el loops. We also
empbyed an antibody (10E11) that was able to
recognise all of these Cp proteins. Reassembled
capsids (Fig. 6A) were isolated and
immunoprecipitatedwith the c/el antibody,
therdoy removing any unassembled protein and
ensuring that only capsids that incorporated the
WT Cp would be isolated. To probe for the
presence of the fusedp in these reassembled
capsids, samples were subjected to SDS PAGE

Hepatitis B virus capsid assembly

and immunoblowith the 10E11 antibod{fig.
6B). A control sample of WTCp dimerswas
included and was detected (after reassembly and
immunoprecipitation) as a single Cp band, as
expectedlIn contrast the presencef both WT
and fused Cpwas detectedin the capsids
reassembled from theeak fraction samples,
indicating clearly that both the dimerand
trimeric oligomersof fusedCp identified above
were assemblgompetent anadonstitute viable
intermediate speciesn the pathway to capsid
formation.

DISCUSSION

The assembly of macromolecular
complexes is still poorly understood as pathway
intermediates are often in very low abundance
and transient in nature. Here, we have identified
intermediates in the pathway of the assembly of
the HBV capsidby exploiting noel assembly
competent fused dimers of the capsid protein
togethera range of techniques includingon-
denaturing massspectrometry In previous
studies using mass spectromeiyanalyge WT
Cp samplesthe absolute masses of the capsids
were determined to 0.1 % tolerance and several
oligomers were observe(d 6,26) However, it
was unclear whether these were on pathway to
capsid assembly. Here, we have isolated and
characterised similar oligomers. We have
demonstated previously thatthe fused Cp
platform provides reduced flexibilitg25) and
may helpstabilisation of the intermediates, thus
facilitating their detection and characterisation.
Consistent with this, Selzer and colleag(E2)
also recently reported the importance of
structural flexibility and that constraining the
intradimer interface (by formation of disulphide
bonds) could affect kinetics and
thermodynamics of assemblinterestingly, in
addition to slower assembltheir dda also
demonstrated a decrease in stability of capsids
formed fromthemore rigid WT Cp dimersThe



unusual stability of the fused dimer oligomers
herecould be consistent with slower assembly
kinetics allowing their isolation and
interrogation to a level not possible with other
Cp variants.However, capsids composed of
fused Cp appeared more stabddative to WT
(at least in terms of urea denaturation).

We have reassembled capsids produced
from samples of fuse@p oligomers (dimers or
trimers) togetherwith WT protein. Tlese
capsidsvere shown to contain a mixture of both
WT Cp and fused Cpand this resultprovides
strong evidencethat the oligomers represent
complexeson pathway to capsidssembly. We
have also shown the presence of species
consistent with both tetramers and pentamers of
Cp. Although these species may be assembly
competent, it has not been possible to undertake
definitive experiments because dffieir low
abundance.

Previaus studies have suggested a
trimer of dimers as thaucleusof HBV capsid
assembly(6,16). It is also interesting to note
that trimeric species have been identified as
important assembly intermediates in other
viruses(27). Indeed, from this work, it appears
that this species is on pathway. However,
assembly may also continue via tetrameric and
pentameric intermediates. The structure of the
trimer of dimershere remains unknown. It is
possible that its a closed ring of subunii&ig.

7). However, it is tempting to speculate that it is
an open structure, more competent to allow
addition of furthersubunitd.e. corresponding to
part of a fivefold particle axis. The presence of
putative tetrameric and pentameric
intermediates  (identified here by mass
spectrometry) would strongly suppdinis.

Using a related strategy, we previously
demonstrated the presence of -pathway
intermediates in the assembly of bacteriophage
MS2 capsids(28,29) As here, it remained a
possibility that capsid assembly occurse dio
the disassembly of high@rder oligomers into
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dimers, which are then assemislympetent,
rather than by the direct involvement of the
oligomers.It should be noted that this study and
the work presented here were carried out in
vitro and in the abser of HBV pdRNA and the
viral polymerase. It is therefore possible that
different assembly pathway/s may ocauwivo,
however, detailed studies of this nature are yet
to be completeéor any virus.

Our studies are continuing with the use
of the HBV fusedCp system to present foreign
antigens (via the modified c/el log) as a novel
vaccine platform, which we have termed tandem
core.

Acknowl edgements

DAS was funded by an EPSRC White Rose
studentship; KH was funded by a Biotechnology
and Biological Sciences Research Council
CASE award (iQur PLC). The Synapt HDMS
mass spectrometer was purchased with funds
from the Biotechnology and Biological Sciences
Research Council through its Research
Equipment Initiative scheme (BB/E012558/1).
We thank all membesr of the Ashcroft and
Stonehouse grougespecially Sam Stephefor
helpful discussionsand colleagues at the
University of Leeds foruseful suggestions on
the manuscript.

REFERENCES

1. Summers, J., and Mason, W. S. (1982)
Replication of the genome of a
hepatitis B-like virus by reverse

transcription of an RNA intermediate.
Cell 29, 403-415

2. Birnbaum, F., and Nassal, M. (1990)
Hepatitis B  virus  nucleocapsid
assembly: primary structure

requirements in the core protein. J.
Virol. 64, 3319-3330

3. Zlotnick, A., Cheng, N., Stahl, S. J,
Conway, J. F., Steven, A. C., and
Wingfield, P. T. (1997) Localization of



10.

11.

12.

the C terminus of the assembly domain
of hepatitis B virus capsid protein:
implications for morphogenesis and
organization of encapsidated RNA.
Proc. Natl. Acad Sci. 94, 9556-9561
Bottcher, B., Wynne, S. A, and
Crowther, R. A. (1997) Determination
of the fold of the core protein of
hepatitis B virus by electron
cryomicroscopy. Nature 386, 88-91
Wynne, S. A., Crowther, R. A., and
Leslie, A. G. (1999) The crystal structure
of the human hepatitis B virus capsid.
Mol. Cell 3, 771-780

Zlotnick, A., Johnson, J. M., Wingfield,
P. W., Stahl, S. J., and Endres, D. (1999)
A theoretical model successfully
identifies features of hepatitis B virus
capsid assembly. Biochemistry 38,
14644-14652

Ceres, P., and Zlotnick, A. (2002) Weak
protein-protein interactions are
sufficient to drive assembly of hepatitis
B virus capsids. Biochemistry 41, 11525-
11531

Singh, S., and Zlotnick, A. (2003)
Observed hysteresis of virus capsid
disassembly is implicit in kinetic models
of assembly. J. Biol. Chem. 278, 18249-
18255

Ceres, P., Stray, S. J., and Zlotnick, A.
(2004) Hepatitis B virus capsid
assembly is enhanced by naturally
occurring mutation F97L. J. Virol. 78,
9538-9543

Stray, S. J., Ceres, P., and Zlotnick, A.
(2004) Zinc ions trigger conformational
change and oligomerization of hepatitis
B virus capsid protein. Biochemistry 43,
9989-9998

Bourne, C. R., Katen, S. P., Fulz, M. R,,
Packianathan, C., and Zlotnick, A.
(2009) A mutant hepatitis B virus core
protein mimics inhibitors of icosahedral
capsid self-assembly. Biochemistry 48,
1736-1742

Selzer, L., Katen, S. P., and Zlotnick, A.
(2014) The hepatitis B virus core

13.

14.

15.

16.

17.

18.

19.

Hepatitis B virus capsid assembly

protein intradimer interface modulates
capsid  assembly and  stability.
Biochemistry 53, 5496-5504

Pierson, E. E., Keifer, D. Z., Selzer, L.,
Lee, L. S., Contino, N. C., Wang, J. C,,
Zlotnick, A., and Jarrold, M. F. (2014)
Detection of late intermediates in virus
capsid assembly by charge detection
mass spectrometry. J. Am Chem. Soc.
136, 3536-3541

Wingfield, P. T., Stahl, S. J., Williams, R.
W., and Steven, A. C. (1995) Hepatitis
core antigen produced in Escherichia
coli: subunit composition,
conformational analysis, and in vitro
capsid assembly. Biochemistry 34,
4919-4932

Packianathan, C., Katen, S. P., Dann, C.
E., and Zlotnick, A. (2010)
Conformational Changes in the
Hepatitis B Virus Core Protein Are
Consistent with a Role for Allostery in
Virus Assembly. J. Virol. 84, 1607-1615
Uetrecht, C., Barbu, I. M., Shoemaker,
G. K., van Duijn, E., and Heck, A. J.
(2011) Interrogating viral capsid
assembly with ion mobility-mass
spectrometry. Nature Chem. 3, 126-132
Pornillos, 0., Ganser-Pornillos, B. K.,
Kelly, B. N., Hua, Y., Whitby, F. G.,
Stout, C. D., Sundquist, W. 1., Hill, C. P,
and Yeager, M. (2009) X-Ray Structures
of the Hexameric Building Block of the
HIV Capsid. Cell 137, 1282-1292

Peng, T., Lee, H., and Lim, S. (2012)
Isolating a Trimer Intermediate in the
Self-Assembly of E2 Protein Cage.
Biomacromolecules 13, 699-705

Peyret, H., Gehin, A., Thuenemann,
E.C.,, Blond, D., El Turabi, A., Beales, L.,
Clarke, D., Gilbert, R.J.C., Fry, E.E,,
Stuart, D.l., Holmes, K., Stonehouse,
N.J., Whelan, M., Rosenberg, W.,
Lomonossoff, G.P., Rowlands, D.J.
(2015) Tandem fusion of hepatitis B
core antigen allows assembly of virus-
like particles in bacteria and plants with
enhanced capacity to accommodate



20.

21.

22.

23.

24,

25.

26.

foreign proteins. PLOS One
10.1371/journal.pone.0120751
Stonehouse, N. J., and Stockley, P. G.
(1993) Effects of amino acid
substitution on the thermal stability of
MS2 capsids lacking genomic RNA. FEBS
lett. 334, 355-359

Zlotnick, A., Cheng, N., Conway, J. F,,
Booy, F. P., Steven, A. C,, Stahl, S. J,
and Wingfield, P. T. (1996) Dimorphism
of hepatitis B virus capsids is strongly
influenced by the C-terminus of the
capsid protein. Biochemistry 35, 7412-
7421

Zlotnick, A., Lee, A., Bourne, C. R,
Johnson, J. M., Domanico, P. L., and
Stray, S. J. (2007) In vitro screening for
molecules that affect virus capsid
assembly (and other protein
association reactions). Nature Protocols
2, 490-498

Hernandez, H., and Robinson, C. V.
(2007) Determining the stoichiometry
and interactions of macromolecular
assemblies from mass spectrometry.
Nature Protocols 2, 715-726

Hilton, G. R., and Benesch, J. L. (2012)
Two decades of studying non-covalent
biomolecular assemblies by means of
electrospray ionization mass
spectrometry. J. Royal. Soc. Interface 9,
801-816

Shepherd, D. A., Holmes, K., Rowlands,
D. J., Stonehouse, N. J., and Ashcroft, A.
E. (2013) Using ion  mobility
spectrometry-mass spectrometry to
decipher the conformational and
assembly  characteristics of the
hepatitis B capsid protein. Biophys. J.
105, 1258-1267

Uetrecht, C., Versluis, C., Watts, N. R,,
Roos, W. H., Wuite, G. J., Wingfield, P.
T., Steven, A. C., and Heck, A. J. (2008)
High-resolution mass spectrometry of
viral assemblies: molecular
composition and stability of dimorphic
hepatitis B virus capsids. Proc. Natl.
Acad Sci. 105, 9216-9220

Hepatitis B virus capsid assembly

27. Tsiang, M., Niedziela-Majka, A., Hung,
M., Jin, D., Hu, E., Yant, S., Samuel, D.,
Liu, X., and Sakowicz, R. (2012) A trimer
of dimers is the basic building block for
human  immunodeficiency  virus-1
capsid assembly. Biochemistry 51,
4416-4428

28. Stockley, P. G., Rolfsson, O., Thompson,
G. S., Basnak, G., Francese, S,
Stonehouse, N. J.,, Homans, S. W., and
Ashcroft, A. E. (2007) A simple, RNA-
mediated allosteric switch controls the
pathway to formation of a T=3 viral
capsid. J. Mol. Biol. 369, 541-552

29. Knapman, T. W., Morton, V. L,
Stonehouse, N. J., Stockley, P. G., and
Ashcroft, A. E. (2010) Determining the
topology of virus assembly
intermediates using ion  mobility
spectrometry-mass spectrometry.
Rapid Comms. Mass Spec. 24, 3033-
3042

FIGURE LEGENDS

FIGURE 1. HBV structure(PDB: 1QBT) A.
The T=4 capsid structure, space filleft) and
ribbon diagramright). The capsidis composed

of 4 quasiequivalent subunits (shown in red,
yellow, blue and greergrranged as 120 dimers.
It has aninner radius of 130 A, is 20 A thick
and is punctuated by spikes that project 25 A
from the surface, givig a total radius of 175 A.
B. Cartoonrepresentation of the fus€&p, based

on structure in AThe MIR is indicated anchée
two Cp monomers are shown in green and
yellow, with the linkerin red.

FIGURE 2. Disassembly of capsids composed
of WT Cp. Protein at ~ 2 mg/ml was



disassemidd with 3 M urea at pH 9.6. A.
Chromatogram of protein separation on a
Superdex 200 column (capsid a@d peaks are
indicatedas Peaks 1 and 2, respectiyel.
Reducing SDS PAGE of fractions. Both peaks
contained protein of the same molecular weight,
corresponding to the expected saeWT Cp
(17.3 kDa) by comparison to the standards
shown (LHS). CNative PAGE of gé filtration
fractions. Protein from the capsid peak did not
enter the gel matrix, however, tl@&p peak is
well resolved to a single species. DEM
(negative staindf the two gel filtration peaks. i)
capsid peak iiCp peak.Higherorderstructures
are vsible in i) however, ii) is devoid ahese
Bar = 100 nm.

FIGURE 3. Disassembly oftapsids composed
of fusedCp. Capsids composed of fused dimers
were disassembled with 4 M urea. Aize
exclusion @romatogram offused Cp capsid
disassembly reactions, resulting in a large peak
consistent wittmontdissociated capsi(Peak 1)
andseveral other species labell2do 4 Arrow
indicates aditional low abundance species,
which were not isolatedB. Immunoblot of
reducing SDS PAGE afamples 2. All of the
peaks contained protein of the same molecular
weight, which was Cpantibody (10E11)
reactive.Positions of standards are shown for
reference.C. Immunoblotof native PAGE of
fractions. Proteins exhibited different migration
patterns. The positive controt) consists ofCp
from disassembly ofVT capsids.

FIGURE 4. Biophysical analysis of the
oligomeric species. A. Characterisation of the
oligomers by size exclusion chromatography.
Fractions of peaks-2 from the disassembly
reaction were pooled and subjette further
SEC. Calibrated molecular weights were
determined as 34.6 (i), 93.8 (ii), and 181.7 (iii)
kDa. Labels i correspond to those in part B.
B. Noncovalent ESIMS of the oligomers.
Derived masses are consistent with a monomer
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(i), dimer (i) and trimer (iii) of the fused Cp.
(iv). Non-covalent ESIMS of a mixed sample
of oligomers, showingpeciesorresponding to
up tofive copies of fused Cp.

FIGURE 5. TEM of oligomer assembly
reactions. Assembly was initiated by mixing
samples of each complex with sodium chloride
to a final concentration of 750 mM. Symbols i,
i and iii relate to samples corresponding to
fused Cp, and dimers or trimers fafsed Cp,
respectively Micrographs (negative stin) of
assembly reactions are shown, in the order
corresponding to sample elution from size
exclusion chromatographysee Fig. 3). The
oligomers appear to be competent for assembly
into capsids. Size bars100 nm.

FIGURE 6. Chasing the assembly of protei
oligomers withWT Cp. A. Samples ofused Cp
oligomers andNT Cp dimerswere purifiedas
above Capsid peaks were discarded and
samples representinjused Cp dimers and
trimers mixed with WT Cp at 1:1 ratio.
Assembly was initiated with the addition of
sodium chloride to 750 mM. The resulting
reactions were separated by gel filtration
chromatographyusing a S75 columnB. The
void volume (capsid) peakwas analysed.
Capsids were immunoprecipitatelom this
using Mab 16988 (c/el loop specific and
therefore unable ot recognise fused Cp).
Sampleswere analysed bymmunoblot (using
the 10E11 antibody to recognise all Cp variants)
showing these to be chimeric particles
composed of bottWT Cp and fusedCp. The
positive control (+) is purifiedNT Cp from
disassembly o¥VT capsids(-) correspondso a
sample with no CpArrows indicate expected
MW of WT Cp and fused Cp* indicates
antibody chains.

FIGURE 7. Schematic of proposed assembly
pathway, via eher trimeric or pentameric
intermediats.
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