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1. Viruses: Structure, function and immune response

In 2009 a novel influenza A virus, strain H1N1, created worldwide panic as infection spread 
rapidly through a global population with little or no immunity to the virus. The first few cases 
were noted in Mexico, very quickly spreading to the US and within four weeks forty-one 
countries reported swine flu infections, with a total of 11,034 cases and 85 deaths.1 Genetic 
analyses of the H1N1 virus identified it as triple reassortment containing gene segments from 
swine, avian and human influenza viruses.1,2 What was unusual was its increased severity 
in relatively young people. By June 2009 the World Health Organisation (WHO) declared 
a pandemic,3 the first flu pandemic in fourty years. In September 2009 two vaccines became 
available based on neuraminidase inhibitors that prevent exit of the virus from the host cell. 
In May 2010 the WHO reported it to have spread to 214 countries causing 18,036 deaths.4 By 
September 2010 WHO declared the pandemic to have moved into a post-pandemic period.5 

The H1N1 pandemic revealed a number of important issues. Firstly, the world’s capacity to 
deal with a pandemic; a vaccine only became available months after the pandemic began and 
the amount produced only sufficient for ~20% of the world’s population.6 Secondly, about 
the effectiveness and safety of vaccines developed within a short timeframe; the efficacy of 
the developed vaccines were questioned,7,8 and a connection suspected between a number of 
cases of narcolepsy reported in 4 to 19 year olds in Finland and Sweden that had received the 
same H1N1 vaccine.9 However, it has yet to be confirmed whether this was a consequence of 
the vaccine. Furthermore, media attention questioned the decision of the WHO for declaring 
a pandemic with suggestions of links between the WHO advisory board and pharmaceuti-
cal companies involved in the vaccine production, although nothing could be conclusively 
proved.10,11 It is expected that as many people acquire resistance to this strain of virus its viru-
lence will resemble that of seasonal flu. Currently, there are still media reports of fatalities. In 
September 2012 a woman died after catching swine flu from a pig at an agricultural fair in Ohio 
and more recently, in May 2013, seventeen deaths from swine flu were recorded in Venezuela.

Although this recent pandemic did not approach the level of devastation of earlier pandem-
ics by viruses such as smallpox and measles, it illustrates the speed at which a viral infec-
tion can spread and our current capacity to deal with such infections. The sheer scale and 
diversity of viruses and the emergence of new strains, including ever more resistant strains, 
combined with the financial benefits to pharmaceutical companies upon development of a 
successful vaccine, ensures that there is a continual investment in research associated with the 
development of new or more effective vaccines and antivirals. Only through an understand-
ing of the fundamental processes involved in viral infection and the response of the host’s 
immune system, can we begin to treat and even prevent viral infections. In these therapies 
structural virology and the development of biophysical characterisation methodologies have 
played a fundamental role. Imaging microscopy can be used to study the binding of viruses 
to cells, and their subsequent entry and infection.12 Virus assembly and disassembly play 
a critical role in both cell entry, release of the viral genome and repackaging after genome 
replication in the host cell, and X-ray crystallography, cryo-EM, nuclear magnetic resonance 
(NMR) and mass spectrometry (MS) play nowadays a crucial role in the structural characteri-
sation of the viral particles associated at the different stages. Additionally, these techniques 
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can also be used to examine the interaction of viruses with antibodies, and the mechanisms 
of antibody mediated neutralisation of the infection. Furthermore, the dynamics of these pro-
cesses can be studied at the molecular level using MS, solution phase NMR, Raman spec-
troscopy, small angle x-ray scattering (SAXS) and hydrogen deuterium exchange (HDX). 

1.1 Viral structure, classification and terminology 

Viruses are macromolecular assemblies consisting of a viral genome encapsulated by 
a protein coat, the capsid, which can further be surrounded by a lipid membrane in 
the case of enveloped viruses.13 The two most common morphologies are either an ap-
proximate spherical shell or a tubular rod (Figure 1), the sizes of which can range from as 
small as 20 nm to as large as 500 nm, packing vastly different genome sizes accordingly.  

Viruses can be further distinguished based on the type of genome that they encapsulate, sin-
gle stranded or double stranded RNA or DNA, with the viral genome encoding proteins that 
constitute the capsid and non-structural proteins required for viral replication within the host 
cell. Watson and Crick in the 1950’s were the first to propose that spherical viruses exhibit cubic 
symmetry involving at least four 3-fold rotational symmetry axes, with later work by Caspar 

and Klug showing direct evidence 
of icosahedral symmetry from X-
ray diffraction patterns. An icosa-
hedron exhibits 12 vertices with 
5-fold rotational symmetry (Figure 
2a), 20 triangular faces with 3-fold 
symmetry (Figure 2b) and 30 edg-
es of 2-fold symmetry (Figure 2c). 
Consequently, these symmetry 
elements allow placement of 60 
identical units with equivalent posi-
tions on the icosahedron, described 

by its triangulation number (T) of T = 1 (Figure 2d). 

For larger icosahedrons, i.e. those with more 
than 60 subunits, the triangulation number 
is governed by the equation T = H2 + HK + K2 

where H and K are 0 or positive integers dictat-
ing the position (H,K) of a neighbouring 5-fold 
vertex from a designated 5-fold origin point 
of 0,0. Hence, T can have values of 1, 3, 4, 7 etc., 

Genome

Capsid Protein

Lipid Envelope

Envelope Proteins

(a) (b)

Figure 1: Schematic illustrating the most common virus parti-
cle morphologies; (a) spherical shell and (b) tubular rod (adapted 
from14).

0.

(a)

5-fold Symmetry
(b)

3-fold Symmetry
(c)

2-fold Symmetry

(d) T = 1

(e) T = 4

Figure 2: Schematic to illustrate icosahedron symmetry; (a) 
5-fold symmetry, (b) 3-fold symmetry and (c) 2-fold symmetry. 
Icosahedrons with triangulation number (d) T = 1 and (e) T = 
4, in which the asymmetric unit is indicated in grey (adapted 
from13).
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with the number of subunits accommodated by a given T number increasing by 60T. For 
icosahedrons with T > 1, each triangular face consists of more than one subunit and is thus 
termed the asymmetric unit. For example in a T = 4, the asymmetric unit consists of 4 subunits 
(Figure 2e), consequently not all subunits have identical positions in the icosahedron, and 
while similar bonding interactions are maintained minor distortions to the subunit interac-
tions are observed. This is known as quasi-equivalence. A further consequence of icosahe-
drons with T > 1 is the additional presence of hexavalent positions (6-fold) in addition to the 
pentavalent (5-fold) positions already described (Figure 2e). 

1.2 Viral Life cycle

Once a virus has entered the host, its sole purpose is to replicate, transferring/duplicating its 
viral genome from an infected cell to an uninfected cell. Initially, the virus must recognise 
the cell and bind, generally this occurs through the binding of virion surface proteins to cell 
surface proteins, carbohydrates or lipids.15 Specificity of binding determines which viruses 
can infect which cell type. Entry to the host cell requires passage of the virus through the cell 
membrane. In the case of enveloped viruses this can occur by either membrane fusion, where-
by the viral lipid envelop fuses to the cells plasma membrane releasing the viral capsid and 
genome into the cell, or delivery into the cytoplasm through vesicles formed at the plasma 
membrane, by the process of endocytosis.16-18 For example, the enveloped vaccinia virus en-
ters the cell by fusion to the cell membrane (Figure 3a) whereas the enveloped influenza virus 
enters the cell via endocytosis and subsequent fusion of the viral and vesicular membranes 
(Figure 3b).19 

In non-enveloped viruses, in 
addition to cell entry via endo-
cytosis, interaction with host 
receptors can lead to conforma-
tional changes either inducing 
the formation of pores in the 
membrane in which the viral 
genome can escape, or by ex-
posure of a viral lytic peptide 
that can disrupt the membrane 
allowing its entry into the cyto-
sol. For example, the non-envel-
oped RNA poliovirus can enter 
the cell by endocytosis at the 
cytoplasmic membrane (Figure 
3c) or by insertion of its RNA 

directly through a pore in the membrane (Figure 3d).19 In bacteriophages, specialised tails 
which can penetrate both the bacterial outer membrane and cell wall, allow for the injection 
of their DNA into the host cell.20 In plants, viruses often infect the host through a damaged cell 
wall caused by abrasion or damage induced by, for instance, insects.

Cell membrane Nuclear membrane

N
ucleus

(a) Enveloped 
     Vaccinia Virus

(b) Enveloped 
     Influenza Virus

(c) Non-enveloped
     Poliovirus

(d) Non-enveloped
     Poliovirus

C
ytoplasm

Figure 3: Schematic to illustrate the different mechanisms of cell en-
try for enveloped viruses; (a) Vaccinia virus and (b) Influenza virus, 
and for the non-enveloped virus; (c, d) Poliovirus, which has two dif-
ferent mechanisms for cell entry (adapted from19).
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Once inside the host cell the virus must move to the correct location for genome replication, 
with most RNA viruses replicating in the cytosol, and DNA viruses in the nucleus. Often 
simultaneous with this process is stepwise disassembly and uncoating so that the genome, 
and any accessory proteins, can be released into the cell. The process of viral genome rep-
lication is dependant of the type of genome the virus encapsulates (single stranded, double 
stranded RNA or DNA) and on the host cell machinery, which the virus can often hijack to aid 
in genome replication.13,19 Finally, the newly replicated genome must be repackaged inside a 
capsid, with either assembly around the genome, or genome insertion into a fully assembled 
capsid. This step can also require other viral proteins called scaffolding proteins, important 
for viral assembly but subsequently discarded. This final step referred to as maturation, can 
lead to a number of other conformational changes. Ultimately they signal that the virus is 
ready for release from the cell so that it can again begin its life cycle and infect new cells.

1.3 Immune response to virus infection, and evasion of this response by the virus

Defence by an organism upon viral infection comprises a number of different levels of re-
sponse.14 Initially, an intrinsic cellular defence system is activated, whereby the cell detects 
the invading virus, activating enzymes that inhibit genome replication of the invading virus, 
and finally, releasing cytokines or interferons to signal to surrounding cells the presence of a 
viral infection. If the infection spreads, further mechanisms come into action; the innate and 
the adaptive immune response, both of which use specialised immune cells to fight the viral 
infection. The innate immune response occurs rapidly after infection, acts localised to the 
site of infection and initiates a self-regulating cascade of proteins- the complement- to mark 
invading pathogens and cells for destruction. In contrast, the adaptive immune response is 
slower in responding but generates numerous highly specific antibodies (through B and T 
lymphocytes) that recognise and bind viral antigens thereby neutralising their infectivity. 

Despite the vast number of highly specific antibodies produced towards a diverse range of 
epitopes, viruses have developed many ingenious mechanisms by which to evade the host 
immune response. This can occur at the level of the innate immune response, for example, 
some herpes viruses can produce proteins similar to the complement-control proteins, where-
in binding to other complement proteins disrupts their action.14 Furthermore, other members 
of this virus genus can disrupt the pathway by hijacking complement proteins and incorpo-
rating them into their viral capsid envelop. At the level of the adaptive immune response, 
viruses can escape detection and neutralisation by antibodies by changing their antigenic 
epitopes via viral genome mutations, as often occurs for instance in the human immunodefi-
ciency virus (HIV).14 

1.4. Antiviral agents

From the first crude vaccines of the 1700’s, when Jenner realised the cowpox vaccine would 
protect against smallpox, effective use of vaccines has either eradicated, in the case of small-
pox, or dramatically reduced diseases such as polio, measles, mumps, rubella.14 The smallpox 
vaccine is based on the use of a virus (cowpox) that infects one animal species (bovine) to in-
fect against a similar virus (smallpox) in a different animal species (humans). In its non-native 
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host (humans) it replicates poorly but due to the similarity in immunogenic determinants 
leads to effective protection.14  In vaccines developed from live-attenuated viruses (polio, mea-
sles, mumps, rubella) the in vitro culture of the viruses leads to a number of mutations that 
reduce the pathogenic properties of the virus in the host, but remains immunogenic enough 
so that it can illicit an immune repose to protect against the disease.14 Inactivated viruses 
have been used successfully for the development of vaccines for hepatitis A, rabies and tick-
bone encephalitis, and consist of the in vitro purified viruses that have been inactivated by 
treatment with, for instance, organic solvents or temperature. This treatment inactivates the 
genome but allows for the retention of viral protein antigenicity. Subunit vaccines consist of 
only those viral proteins that are immunogenic. The two most successful vaccines based on 
this approach are against the hepatitis B virus (HBV) and the human papillomavirus (HPV). 
In HBV the surface antigen is expressed in yeast or mammalian cells and undergoes auto-
matic assembly into virus-like particles (VLPs).21 In HPV, the pentameric L1 proteins can be 
expressed in yeast, or insect cells, automatically assembling to form VLPs composed of the 
HPV L1 protein.22 

More recent vaccines are based on recombinant technologies, in which the pathogenic genes 
are inserted into, and subsequently expressed by, a non-pathogenic vector that can be deliv-
ered to the host cell.23 Two examples are, chimeric vaccines and DNA vaccines.  Chimeric vac-
cines use a vector that is either a live virus harmless in humans, or an attenuated version of the 
virus into which one or more viral antigens are incorporated. The most successful example 
of this type is the newly introduced rotavirus vaccine based on a human and bovine chimeric 
virus.24 More recently, a potential vaccine for dengue fever incorporates an attenuated ver-
sion of the yellow fever virus (strain 17D) as the vector, into which dengue fever antigens 
of four differing serotypes are incorporated.25 Results have demonstrated the production of 
neutralising antibodies against all four serotypes. Another form of chimeric vaccine involves 
the use of virus-like particles (VLPs) as the delivery vector into which the viral antigens can 
be incorporated.21,26 For example, it has been demonstrated that epitopes of the hepatitis C 
virus,27 human rhinovirus and malaria can be incorporated into VLPs formed from the HBV 
core protein.28 This type of chimeric VLP potentially provides a multi-epitope presentation 
vector with the ability for delivery to specific cell types. DNA vaccines provide a different 
method for incorporation of viral antigens into a foreign vector, i.e. a DNA plasmid that can 
then be expressed in the host cell.  Although promising, an effective vaccine based solely on 
this technology has not yet been developed. Instead it has largely been used in sequential 
combination with a live attenuated vaccine, whereby the former acts as a ‘prime’ and the latter 
as a ‘boost’  (‘prime-boost’).23 

Despite these many diverse ways of addressing viral infection, the generation of antibodies 
is not always sufficient to protect against a disease. Those viruses that rapidly mutate such as 
the influenza virus, HIV, and hepatitis C virus, remain a considerable challenge for vaccine 
development. Furthermore, antibodies are often of no benefit against a virus that has already 
established a chronic infection, such as HBV, herpesvirus, HPV. In cases where a weak or non-
neutralising antibody is produced, the entry of viruses into cells can even be enhanced, such 
as in dengue fever. Hence, it is these complicated viral targets that still pose a considerable 
threat to human health and remain the current challenges in vaccine development. 
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1.5 Specific virus systems examined in this thesis

1.5.1 Norovirus (NV) and P particle

Noroviruses are the major viral pathogen leading to acute gastroenteritis, and it has been esti-
mated to cause up to 10% of gastroenteritis hospitalisations in the USA, up to 200,00 deaths in 
children under 5 years of age in developing countries, and mortality in the elderly.29-32 There 
is no vaccine currently available, although a promising potential candidate is in phase II of 
clinical trials. 

The norovirus (NV) is a non-enveloped single-stranded RNA virus, belonging to the highly 
diverse family of Caliciviridae.33 It consists of a protein capsid composed of a single major 
structural capsid protein (Cp) (VP1) that encapsulates the 7.7 kb genome, which also encodes 
a minor Cp (VP2) and a non-structural protein.34,35 Due to a lack of an in vitro expression sys-
tem or a suitable animal model, expression of this virus has remained challenging. Most of our 

knowledge of NV struc-
ture and viral-host in-
teractions result from 
recombinant norovirus-
like particles (NVLPs) 
expressed in insect cells 
through a recombinant 
baculovirus, the mor-
phology and antigenicity 
of which has been shown 
to be indistinguishable 
from the authentic viral 
capsid.36 X-ray crystal-
lography analysis of the 
recombinant capsid of 
the Norwalk virus- a pro-
totype strain of NV- has 
indicated that it forms T 
= 3 capsids composed of 
180 VP1 Cp organised as 
90 dimers37 (Figure 4a).
The VP1 Cp consists of 

two domains; the shell (S) domain, responsible for icosohedral shell formation, and the pro-
truding (P) domain, which can be further subdivided into the P1 and P2 subdomains (Figure 
4b). The P1 subdomain acts as a connection to the S domain, whereas the P2 subdomain 
whose protruding arch-like structures are located at the outermost surface, are largely re-
sponsible for viral capsid stability.37,38

Importantly, the P2 subdomain has been shown to be responsible for binding to host recep-
tors; human blood group antigens (HBGAs)40-44 which are complex carbohydrates located on 
the surface of the epithelium, and also present as free oligosaccharides in fluids such as saliva 

S

P1
P2

N N

CC

VP1 dimer (VP1)2
Norovirus capsid (90(VP1)2)

S domain P1 P2 P1 

Involved in icosohedral 
shell formation

P domian
P1- links P domain to S domian

P2- receptor binding

1 226 279 406 530

(a)

(b)

Figure 4: Structural organization of the norovirus capsid (a) 90 VP1 dimers 
(VP1)2 assemble to form the NV capsid. (b) The VP1 subunit consists of the S 
domain (residues 1-225) and the P domain, which can be further subdivided 
into the P1 subdomain (residues 226-278 and 406-530) and the P2 subdomain 
(residues 279-405) (adapted from39).
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and blood. Recognition of HBGAs has been shown to be highly specific to the NV strain.45,46 
Binding of the NV to antibodies elicited during the host immune response is thought to pre-
vent binding of the NV to HBGA receptors, and consequently is associated with a decreased 
risk of infection when subsequently exposed to the virus.31 Furthermore, a large amount of P 
domain proteins exist in the stool of NV-infected patients, and whilst the exact function is still 
unknown they may be involved in the pathogenesis and/or replication of NVs.47-49

Although the use of NVLPs as a potential NV vaccine has long been considered, it is only re-
cently that a bivalent NVLP as an NV vaccine is undergoing the latter phase of clinical trials. 
Development has proved to be a considerable challenge due to efficacy, immunogenicity and 
problems associated with the extensive antigenicity and diversity of NVs.31,50 Related to this, 
is the potential of a VLP derived from the NV P domain as both an antiviral against the NV 
and as a chimeric VLP. In vitro expression of solely the P domain has shown a propensity for 
dimerisation to produce a higher stable species- the P dimer, which retains the HBGA bind-
ing properties of NVLPs albeit with a lower binding affinity.51 Expression of the P domain in 
absence of the ‘hinge’ region, (a short peptide sequence that links the P domain to the S do-
main in NVLPs), leads to the formation of a larger oligomeric species, the 24-mer, also termed 

P particle52 (Figure 5). Fitting of 
the P domain crystal structure37 
to the cyro-EM of the P particle 
identified an arrangement of 12 
P dimers in spherical octahedral 
symmetry around a central cav-
ity.53 HBGA binding affinity was 
higher than for the P dimer, and 
in vivo the P particle was shown 
to bind the H antigen of human 
intestinal Caco-2 cells.52 There 
has been some suggestion that 
the in vivo (in mice) efficacy of 
P particles is in fact lower than 
for NVLPs,54 although questions 
were raised regarding the ef-
ficiency of P particle formation 
used in the study.55 In a more 
recent in vivo study (in mice) the 
efficacy of P particles was shown 
to be comparable to NVLPs in 
initiating an immune-based re-
sponse, with the P dimer noted 
for significantly lower immuno-
genicity.56

Isolated P domain 
(P dimer)

N N

C C 24-mer P particle

12-mer P particle

P domain

P domain

P domain

HingeCys

Cys

Cys

Cys peptide Flag tag peptide

Arg cluster 

Arg cluster 

Arg cluster 

(i)

(ii)

(iii)

Figure 5: Isolated P domains of the NV capsid protein form P di-
mers. Through modifications to the P domain sequence (i-iii), the P 
domain can form 24-mer and 12-mer P particles. The 24-mer P par-
ticle can be formed from; (i) a P domain with an arginine cluster 
and cysteine-containing peptide at the C-terminus, and no ‘hinge’ 
at the N-terminus, or (ii) a P domain with an arginine cluster at the 
C-terminus, in the presence of the ‘hinge’ region and a cysteine at the 
N-terminus. The 12-mer can be formed from; (iii) a P domain with an 
arginine cluster at the C-terminus, a cysteine-containing peptide at 
the N-terminus and a short peptide, i.e. a ‘flag tag’ at the C-terminus 
(adapted from39).
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Mutational studies indicated that a highly conserved arginine cluster at the C-terminus of 
the P domain was necessary for both P particle formation (figure 5i and ii), and for receptor 
binding of both the P dimer and NVLPs, despite its remote location from the ligand binding 
sight.49 Through addition of a cysteine residue at either termini, and in the presence of the 
hinge region, P particle formation is significantly promoted through the formation of inter-di-
mer disulphide bonds52 consistent with the location of the N- and C-termini to the innermost 
core of the P particle central cavity.53 Through further C-terminal modifications a smaller P 
particle, the 12-mer, is also formed with the cryo-EM structure indicating an arrangement of 
6 P dimers with tetrahedral symmetry surrounding a central cavity57 (Figure 5). The binding 
affinity of the 12-mer was shown to be higher than the P dimer but lower than either the 24-
mer or NVLPs. 

More recent work has illustrated the potential of the norovirus VP1 P domain as a chimeric 
vaccine platform.58 Three loops in each P domain constitute the outer most surface of the P 
particle and as such, are potential sites for sequence insertions allowing between 24 -72 copies 
of an antigen to be inserted. Successful insertion of the 159 amino acid antigen correspond-
ing to the VP8 protein of the rotavirus (important in infectivity and neutralisation) was made 
into a single loop of a P domain.58 An enhanced immune response in mice was observed for 
the P particle-VP8 chimera compared to free VP8, with production of neutralising antibodies 
against the rotavirus. Subsequent exposure to NVLPs did not lead to HBGA receptor bind-
ing, suggesting the chimera also elicited a protection to the NV. In a similar study the MS2e 
protein of the influenza virus was inserted into the P domain and mice immunised with this 
P particle-MS2e chimera exhibited both increased antibody production, compared to the free 
MS2e subunit, and prevention of NVLP binding to their HGBA receptors.59 Hence, these chi-
meric P particles may provide a versatile platform for vaccine development and antigenic 
presentation to a broader range of viruses that extends beyond the NV. 

1.5.2 Hepatitis B virus (HBV)

More than 240 million people have chronic liver infections, and it has been estimated that 
around 600,000 people die every year due to acute and chronic HBV infection, the highest 
prevalence of which is sub-Saharan Africa and Asia where around 5-10% of the adult popula-
tion is thought to be chronically infected.60 The HBV vaccine is 95% effective in preventing 
infection, however acute and chronic infection remains more difficult, with no specific treat-
ment for acute infection and the use of drugs, such as interferon and antiviral agents based on 
nucleosidic inhibitors, for some cases of chronic infection. Therefore, the current challenges 
lie in the development of more effective antivirals for the treatment of acute and chronic HBV 
infection.

HBV belongs to the family of the hepadnavirus, infecting rodents, avian species and primates. 
It is an enveloped virus comprising of three different viral surface proteins (S, M, L), that sur-
round the nucleocapsid consisting of the core protein (HBcAg) which encapsulates its 3.2 kb 
partially double-stranded circular DNA (cDNA) genome linked to a viral polymerase. The 
HBV life cycle61-64 involves firstly, cell attachment by membrane fusion (the receptor of which 
still remains elusive), followed by endocytosis for cell entry and subsequent transport of the 
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viral genome to the nucleus for uncoating and replication. The nature of the HBV genome 
makes the replication process complicated but, in short, involves replication of the nuclear 
cDNA to form a subgenomic transcript for protein synthesis, and a pregenomic RNA (pgR-
NA) transcript for generation of new virus particles. Subsequent genome packaging of the 
pgRNA into nucleocapsids is intricately linked with nucleocapsid (HBcAg) assembly of the 
Cp. Phosphorylation of the C-terminal domain of HBcAg has been shown to be essential for 
efficient packaging.65 Subsequently, the pgRNA is retrotranscribed in situ by viral polymerase 
to form the partially double-stranded DNA. This process combined with dephosphorylation 
of the nucleocapsid signal capsid maturation. Cryo-EM of RNA-containing capsids (prepared 
by expression in E.coli) and DNA-containing capsids (isolated from the blood of HBV carriers) 
identified structural differences between the two, suggesting a conformational change may 
also signal capsid maturation.66 In addition, the pgRNA also encodes a 25 kDa protein precur-

sor which upon pgRNA 
packaging into immature 
virions is transported to 
the ER where the first 19 
amino acids are removed 
to form a 17 kDa pro-
tein, termed the e-antigen 
(eAg), and subsequently 
secreted. This protein does 
not appear to play any role 
in either infection or viral 
replication, but its high 
evolutionary conserva-
tion in the Hepadnaviridae 
family suggests it has an 
important function.67 Ma-
ture virions are finally de-
livered to the post-ER and 
pre-golgi compartments 
for nucleocapsid envelop-
ment, prior to ‘budding’ 
from the plasma mem-
brane and secretion from 
the cell.

The HBcAg monomer unit consists of 183 amino acids, with the first 140 amino acids termed 
the ‘core domain’ and constitutes the minimum length required for self-assembly. Subsequent 
regions include the ‘linker peptide’, that connects the ‘core domain’ to the ‘protamine do-
main’, a highly basic region that is responsible for interactions with its genome,68,69 (Figure 6a). 
In vitro experiments generally use a construct of 149 amino acids (Cp149), in absence of the 
RNA-binding protamine domain, which has been shown to form capsids that are structurally 
indistinguishable from capsids formed from the full length construct.70

C

127

112

110

92

79

73

N

1317

50

43

27

α5

α1

α2a

α2b

α3

α4a

α4b

T = 3

Cp dimeric building block

T = 4

(d)

Cp monomer

(e)

1 140 149 183
Core domain Linker Protamine domain

(a)

(b) (c)

Figure 6: Structural models showing details of HBV structure. (a) Sche-
matic illustrating the different domains of the full-length capsid protein 
(Cp183). HBV forms concomitantly two icosahedral capsids; T = 4 (b) and T 
= 3 (c), from the dimeric Cp building block (c) whose monomeric structure is 
largely α-helical in character (e).
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In HBV capsids, the Cp forms, both in vitro and in vivo, two distinct morphologies of icosahe-
dral symmetry corresponding to the triangulation numbers T = 4 and T = 3 and consisting of 
240 and 180 monomeric subunits respectively (Figure 6b and c), cryo-EM indicated the size of 
these capsids as 32 and 36 nm, respectively.71 Furthermore, numerous holes perforating the 
capsid surface at the 2-fold, 3-fold and quasi-3-fold axes suggest a possible means of nucleo-
tide diffusion in and out of the capsid during reverse transcription.72 The Cp building block 
for capsid formation is the dimeric unit (cAg), largely alpha-helical in character and stabilised 
by an intermolecular four-helix bundle and a disulphide bond within the bundle (cys61)72,73 
(Figure 6d and e). It has been proposed that the initiation complex for assembly is a trimer of 
dimers with cooperative addition of further dimers to complete the capsid.74 

The structure of the eAg monomer comprises an additional ten N-terminal residues (the pro-
peptide) in addition to the assembly domain terminating at residue 14975 (Figure 7a). Only 
recently has the crystal structure of the eAg dimer been elucidated (Figure 7b) and shown to 
occupy a distinct conformation compared cAg76 (Figure 6d). Whilst the folds of the cAg and 
eAg monomer are essentially the same, the presence of the propeptide which adopts a loop 
structure forming an intramolecular disulphide bond between C(-7) and C61, likely prevents 
eAg from forming a cAg-like structure. Previously this stabilising disulphide bond has been 
reported as critical for the secretion of eAg.77-79 This difference in conformation between cAg 
and eAg is likely the basis of the profound differences in the properties of the two species with 
respect to solubility,80 assembly,76,80 immune response81 and antibody recognition.82-85

During HBV infection three forms of HBV have been found to be antigenic and capable of 
activating the hosts immune system, these include; membranous aggregates of the surface 
antigen in absence of the nucleocapsids, assembled nucleocapsids (HBcAg) and also the e-
antigen (eAg). The current HBV vaccine is based on a self-assembling version of the surface 
antigen (HBsAg). The predominance of anti-HBcAg (against HBcAg antigen) and anti-eAg 
(against the eAg antigen) in the serum of infected patients serves as an indicator of infection.86 
Whilst we have some understanding of the secretion of eAg, the mechanism by which HBcAg 
leaves the cell without becoming enveloped is largely unknown. Moreover, the roles of eAg 
and HBcAg in activating the immune system at different stages of acute and chronic infection 
are not fully understood.87 Anti-HBcAg does not neutralise the virus, instead it is thought that 
HBcAg activates the immune system through both T-cell dependant and T-cell independent 
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Figure 7: Structural models showing details of eAg structure. (a) Schematic illustrating the different domains of 
the eAg monomer and the C(-7)-C61 intramolecular disulphide bond. (b) Crystal structure of the eAg dimer with 
the different  domains indicated.
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mechanisms for activation of B-cells to produce HBV neutralising anti-HBsAg.88-90 Since this 
provides the host with a mechanism of viral clearance it remains unclear the benefits to viral 
persistence. In contrast, eAg is thought to have an immunoregulatory function in promot-
ing viral persistence. Perinatal transmission of HBV by eAg positive HBV infected mothers 
leads to a high chronicity rate in infected babies, whereas infection by HBV infected mothers 
that are eAg negative results in acute rather than chronic infection. This suggests that eAg 
may present a viral strategy for HBV persistence during HBV transmission.91 Furthermore, 
in adults, with chronic HBV infection, secreted eAg has been linked to the elimination of 
eAg and HBcAg specific T-cells thus allowing for viral persistence.92 Additionally, through 
mutations in HBcAg, HBcAg can escape the immune response elicited by the Cytotoxic T-
lymphocytes (CTL), a response characteristic of acute HBV infection and the main pathway 
for viral clearance at this stage of infection.93 

The prominent role of HBcAg in mediating an immune response has meant that characterisa-
tion of such viral-antibody complexes may increase our understanding of the mechanisms 
involved and aid in the development of antivirals. Interaction of HBcAg with a number of 
antibodies has been characterised, in vitro, principally using cryo-EM75,84,94-100 (Figure 8) to map 
both the epitopes and the number of antibodies that can bind. 

This EM data reveals the wide diversity in epitopes recognised. Moreover, pronounced varia-
tions in binding affinity between different quasi-equivalent epitopes have been observed, with 
mutual occlusion effects limiting the number of bound antibodies even when further epitopes 
are available for binding. The majority of mapped epitopes exist as conformational discon-
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Figure 8: Binding of antibodies to HBcAg. (a) Schematic of the HBcAg Cp149 construct. Structural elements cor-
responding to the different regions are indicated. (b) Schematic of the different antibody binding epitopes on HBcAg 
as determined by cryo-EM, with residues forming the epitope indicated. Contributions to the binding epitope are 
generally from a single monomer within the dimer, however it can also incorporate contributions from; Aboth subu-
nits within the dimer, Btwo subunits on neighbouring dimers.
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tinuous epitopes, although some antibodies bind to conformational linear epitopes.95,98 Only 
mAb 312 binds to a non-conformational linear epitope mAb 312, an epitope that spans the 
immunodominant loop at the spike tip.84 Furthermore, all but one of the identified epitopes 
were located to spike region, with the exception of mAb 3120 whose binding epitope spanned 
the ‘floor’ region between the spikes.97 It is not yet known which cAg epitopes predominate 
in infected humans, but a large variety of anti-HBcAg antibodies are developed during the 
course of an infection suggesting that they have the potential for more specific diagnostic 
tests.101 A recent study attempted to address this issue, and the relevance of the in vitro char-
acterised HBcAg-antibody complexes whereby the majority of  the antibodies were derived 
from murine monoclonals.102 Polyclonal antibodies purified from patient serum mixed with 
Cp149 capsids in vitro, identified the presence of both classes of binding epitopes, i.e. spike 
and ‘floor’ regions, implying the biological significance of both these regions as epitopes in 
the HBV infection of humans.102 Whether particular binding epitopes, and the related anti-
bodies, can be correlated with disease state still remains to be proved. 

Another mechanism that has been examined for its potential as an antiviral strategy is the 
interruption of the assembly process through the use of synthetic assembly effectors such as 
heteroaryldihydropyrimidines (HAP).  The HAP reagent, Bay 41-4109, was shown to work 
in a HBcAg specific manner, inhibiting virus production in transfected hepatoma cells with 
reduced levels of both protein synthesis and capsid assembly.103 In vitro investigation of the 
mechanisms of HAP compounds has shown that it misdirects capsid assembly by acceler-
ating assembly and forming a capsid with slight variations in its quaternary structure.104-107 

Similar studied assembly effectors include  phenylpropenamides108 and bis-ANS.109 

2. Native Mass Spectrometry (MS) and its application to structural 
biology
Historically, analytical techniques employed for the study of macromolecular protein com-
plexes are X-ray crystallography, NMR, SAXS and cryo-EM.110 X-ray crystallography can 
determine structure at the atomic level of resolution (< 1 Å), whereby even very large pro-
tein complexes, such as the 500 kDa RNA polymerase II, can be characterised.111 However, 
measurements require ordered crystals giving good diffraction, and the ability to precipitate 
crystals of a protein presents no small feat. The fact of the crystal lattice and the implications 
crystal packing may have on structure, also adds a level of uncertainly to the relationship of 
the examined solid-state structure with that in solution.112 NMR also provides high resolution 
structural data (< 5 Å), but with the added benefit of being able to study proteins in solution 
and monitor protein dynamics.113 In NMR one of the few large protein complexes studied 
to date is the 900 kDa chaperonin complex, GroEL-Gro-ES.114 However, studying large com-
plexes by NMR has proved difficult due to the complexity of the data and its interpretation. 
SAXS provides a much lower level of resolution generally detailing the overall shape of a 
system, and can also study systems in solution.115 A major factor limiting all three techniques 
is the necessity for large amounts of sample and a homogeneous population. In comparison, 
cryo-EM uses very small amounts of protein (picomoles) and does not have the restrictions 
on protein size that are intrinsically associated with some of the above mentioned methods. 
Furthermore, since samples are suspended in vitreous ice, specific functional or biochemical 
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states may be preserved. Low resolution cryo-EM (20-40 Å) allows for information regarding 
shape and overall structure, whereas at higher resolution (< 10 Å) α-helices and β-sheets be-
come visible. Advances towards near-atomic resolution (4.5 Å) allow for the visualisation of 
αC backbones and some bulky side groups.116 

Non-covalent or ‘Native’ MS has emerged as an alternative complementary method for pro-
tein complex characterisation after initial studies showed that through generation of ions via 
electrospray ionisation, protein complexes could be transferred into the gas phase.117,118 As 
such, it has become an invaluable technique for its sensitivity and capacity to characterise 
low amounts of material, its ability to resolve heterogeneous protein mixture and monitor 
transiently populated structures. Structural information obtained from these types of studies 
pertain to high accuracy molecular weights, subunit organisation, stoichiometry and topol-
ogy, which will be discussed in further detail in the following sections. The diversity of its 
applications as a method of structural characterisation has been the subject of many detailed 
reviews.119-127 

2.1 Is solution phase structure maintained in the gas phase?

Extensive research as to whether a solution phase structure is maintained in the gas phase of a 
mass spectrometer has demonstrated that, in fact, many aspects of the topology of large non-
covalent protein complexes can be preserved in the gas phase and thus, a correlation between 
gas phase and solution phase structure approximated with some level of confidence.128-131 For 
example, studies of a small protein-ligand complex in which blackbody infra-red radiation 
was used to dissociate the two species in the gas phase, identified a critical H-bond known 
to be present in solution as conserved in the gas phase, suggesting that indeed elements of 
secondary structure can be preserved in the gas phase.132 Furthermore, through comparison 
of experimentally derived collisional cross sections, from ion mobility mass spectrometry 
(IMMS) studies (section 2.5) with theoretical predictions, suggested the maintenance of a 
similar quaternary structure, despite the absence of solvent.128 Whether the interactions gov-
erning the structure remain the same is debatable and a number of studies have been under-
taken to compare solution stabilising forces (largely hydrophobic) and gas phase stabilis-
ing forces in the absence of water/hydrophobic effect.133,134 Results have suggested that since 
hydrophobic interactions are lost in the gas phase, electrostatic interactions compensate for 
this by strengthening already existing electrostatic interactions or by forming new ones.135-138 

Hence, whilst the native protein fold may, on average, remain the same, the interactions gov-
erning its stability in the gas phase may be different from those in solution. Additionally, the 
time scale, during and after transfer into the gas phase, has also been found to be critical to 
protein structure. Early experiments by the Clemmer group investigated the effect of storage 
time, in an ion trap, on the conformations of cytochrome c ions, analysed by ion mobility and 
identified clear differences in conformation that were dependant on the storage time (range 
of 10-200 ms, and in the latter publication to 10 sec).139,140 However, the data together does 
suggest that the overall size and shape and many of the interactions are maintained in the gas 
phase, even if the structures are not identical. On-going research into the fundamentals of the 
transition will no doubt shed further light on the precise nature of the differences. Neverthe-
less, it is indisputable that native MS has emerged as an important method for the structural 
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characterisation of large non-covalent complexes, especially with respect to the advantages 
over other characterisation methods.

2.2 Developments in mass spectrometry and instrumentation towards native MS

The early mass spectrometers of the 1920’s and 1930’s were largely the domain of physi-
cists to determine the accurate masses of stable nuclides and the natural abundance of sta-
ble isotopes. Initial methods of ion generation, electron impact ionisation (~1900), chemical 
ionisation (~1960s) and fast atom bombardment (~1980s) were unsuitable for the analysis of 
proteins, and it was not until the introduction of matrix assisted laser desorption ionisation  
(MALDI)141,142 and electrospray ionisation (ESI),143,144 in the late 1980s, that the potential of MS 
for the study of large biological molecules was realised,145,146 the methods allowing for the 
generation of gas phase ions without fragmentation or dissociation. Whilst MALDI allows for 
the generation of singly charged ions, which greatly simplify the interpretation of the result-
ing MS data, the high m/z that is generated for large protein complexes make them tricky to 
ionise and detect, and compromises the resolution.147 ESI has proved more useful due to the 
multiple charged ions that are generated, wherein deconvolution of the MS data to identify 
the mass of the ionising species is determined by the m/z difference between the ions in the 
charge state distribution. 

In ESI, multiply charged droplets are generated through application of high voltages to a 
conductive capillary. Two different mechanisms have been suggested for the subsequent for-
mation of multiply charged ions in the gas phase; the charge residue model (CRM)143 and the 
ion evaporation model (IEM)148 with the CRM suggested as most likely for the formation of 
large biomolecular ions.149 This model relates ion formation to the Rayleigh limit, whereby a 
droplet undergoing solvent evaporation remains stable until the charge density exceeds the 
surface tension of the droplet, leading to droplet fission. This process continues until evapora-
tion of a droplet containing a single protein molecule. More recently, a mechanism has been 
proposed wherein the number of charges on a macromolecule is determined by emission of 
small charge carriers from droplets, with those remaining after solvent evaporation transfer-
ring charge to the biomolecular complex.150 This model accounts for the different charging ef-
fects observed in the presence of different electrolytes, although it is suggested that charging 
of denatured proteins in a strongly acidic environment is unlikely to proceed via this mecha-
nism.  For very large proteins as studied in this thesis, i.e. those in the MDa range, both ion 
formation and charging are likely determined by the Rayleigh limit, i.e. CRM model.  

After ion generation, ions must be transmitted (using ion guides), separated by mass analys-
ers and ultimately detected. By far the most common mass analysers are quadrupoles and 
time-of-flight (ToF) analysers,151,152 although at the advent of mass spectrometry magnetic and 
electric sector instruments were common, and more recently the use of 2D and 3D ion traps. 
In a quadrupole, ions of different m/z are separated based on their trajectory through a set of 
four cylindrical rods whereby the combination of applied ac and dc potentials allow for the 
stable trajectory through the rods of a given m/z ion (on the basis of solutions to the Mathieu 
equation). Whilst quadrupoles are cheap, they have a limited mass range for transmission and 
a relativly low resolution, and as such are often used in conjunction with further mass analys-
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ers. The ToF mass analyser separates ions based on the time taken for ions of differing m/z to 
traverse a field free drift region in a ToF tube according to Equation 1.

        T = (m/z)1/2(L2/2V)1/2                                                                                                                                                                                         Equation 1

In which, T is the time taken for an ion of given m/z to traverse a flight tube of length (L), 
using an acceleration potential (V). Through application of a large accelerating voltages all 
ions acquire the same kinetic energy but have different velocities and hence, different flight 
times.  Crudely described, light ions travel fast in ToF with heavy ions travelling more slow-
ly. A number of spatial, temporal and velocity effects can affect the resolution of a ToF and 
have been discussed extensively in review papers.152 Finally, detection of ions is principally 
through the use of electron multipliers, such as multi-channel plate (MCP) detectors. 

Despite the obvious possibilities of interfacing quadrupole- orthogonal ToF mass spectrom-
eters with ESI it was not until the mid-90’s that the first description of an ESI-Quad-ToF was 
published.153 Despite the theoretically unlimited mass range of ToF analysers, the detection of 
species whose m/z exceeds 4000 turned out to be problematic. Combined with restrictions on 
pressures in different regions of the mass spectrometer, the transmission of large macromo-
lecular complexes was difficult and in many cases impossible. Modifications in recent years 
addressed these issues (Figure 9).154,155

Modifications to the quadrupole allow for the generation of lower frequencies (300 kHz com-
pared to 832 kHz), while maintaining the RF amplitude and rod geometry, thereby allowing 
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Figure 9: Schematic of modifications to a commercial ESI-quad-ToF (Q-ToF) instrument for the analysis of large 
non covalent protein complexes (adapted from155). Modifications are indicated in italics.
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for the transmission of larger macromolecular complexes. The necessity for increased desol-
vation of these species was addressed by enabling an increase in pressure in the source (to 
10 mbar) and by fitting a flow-restricting sleeve around the hexapole. For activation of larger 
ions, the voltage offset between the quadrupole and collision cell was increased to allow for 
increased acceleration of ions into the collision cell enabling more energetic collisions. In ad-
dition, by increasing the cylindrical head pressure of the collision gas the pressure inside the 
collision cell could be increased. Modifications to the transmission grids of the ToF enhanced 
sensitivity, and by reducing the repetition rate of the ToF pusher allowed for the increased 
flight time as attained by ions of larger protein complexes. Although not a true instrument 
modification, a significant increase in the transmission (and dissociation) of large non-cova-
lent complexes was observed using heavier gases, such as krypton and xenon, in different 
regions of the mass spectrometer including the collision cell.156 

More recently, modification to the Orbitrap instrument, a mass analyser typically used for the 
analysis of small molecules,  demonstrated high resolution for a number of intact proteins and 
protein assemblies that included; IgG antibody (149 kDa), HK97 pentamers and hexamers 
(210 kDa and 253 kDa, respectively), yeast 20S proteasome (730 kDa) and GroEL (801 kDa).157 
Nanomolar sensitivity for the IgG antibody was achieved, enabling a mass resolving power 
capable of differentiating various glycosylation forms of an antibody, an application further 
extended.158 However, this instrumentation will not be discussed further since it was not used 
for the work described in this thesis.

2.3 Structural characterisation by native MS

MS data, through the ESI observed charge state distribution, allows for information regard-
ing the Mw of a protein or protein complex, the accuracy of which is dependent on both the 
level of desolvation (i.e. residual bound water/buffer molecules) and the heterogeneity of the 
analyte. Poor desolvation and a highly heterogeneous analyte reduce mass accuracy. One of 
the benefits of MS is that it can determine the Mw of a heterogeneous mixture of analytes in 
which each analyte has a unique Mw and therefore will exhibit a unique charge state distribu-
tion. Moreover, MS can indicate the presence of different conformations of a protein complex, 
demonstrated by different charge state distributions but which correspond to the same Mw. 
However, MS can only provide limited information regarding its composition. The use of gas 
phase and solution phase perturbation methods allow for a more in-depth analysis of stoichi-
ometry and subunit organisation. 

2.3.1 Activation and dissociation of protein complexes: gas phase dissociation & 
solution phase perturbation techniques

In the gas phase, collision induced dissociation (CID) is achieved by acceleration of the elec-
trosprayed ions into a collision cell containing an inert gas. Subsequent collisions increase the 
internal energy of the precursor ion leading to its dissociation. The majority of non-covalent 
protein complexes dissociate by a characteristic mechanism whereby monomers are succes-
sively removed from the intact protein complex.159,160 The leaving subunit is thought to gradu-
ally unfold, attracting a disproportionately large number of charges relative to its mass.161 
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The resulting dissociation leads to highly charged monomers and lower ‘charged stripped 
complexes’, a process termed ‘asymmetric charge dissociation’ due to asymmetry in terms of 
charge distribution162 The resulting dissociation products are indicative of subunit composi-
tion and oligomeric stoichiometry, and depending on the dissociation order of subunits their 
location at the periphery or core of a complex. The additional desolvation observed upon CID 
may also increase the obtained mass accuracy. Less frequently, ‘symmetric charge partition-
ing’ is observed and its occurrence more often related to the presence of specific structural 
constraints. For example, this behaviour has been observed for; dimers in which the subunits 
are prevented from unfolding due to covalent constraints (i.e. disulphide bonds, chemical 
cross linking),162,163 a tetrameric complex of a dimer of dimers whereby the monomeric inter-
face was more stable than the dimer interface,155 and complexes with charge states specifically 
reduced compared to their native distribution.164 The charge state of the isolated precursor ion 
has been shown to be critical for both the extent of gas phase dissociation165 and the nature of 
the dissociation pathway.166,167 

Generally, to maintain a native structure (and be amenable to ESI), protein complexes are 
prepared in volatile buffers, e.g. ammonium acetate at neutral pH, although it should be not-
ed that such solutions are not true buffers.  However, by changing these conditions protein 
conformations can be perturbed, and further information pertaining to the structure derived. 
Chowdhury and Loo were the first to report that the charge state distribution for a given 
species can be altered by a change in pH or through the addition of an organic modifier.168,169 

Since then a number of studies have indicated that by manipulating solution conditions, e.g. 
changing the pH or ionic strength, or through addition of organic solvents or chemical dena-
turants (e.g. DTT, urea),  protein complexes can be dissociated in solution and subsequently 
transferred into the gas phase. Furthermore, the use of solution additives, more specifically 
the use of volatile salts of bases having high proton affinities (e.g. triethylammonium bicarbo-
nate (TEAB), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN)) can result in the formation of ions with 
significantly fewer charges in comparison to the more frequently used ammonium acetate.170 

Similarly, imidazole can be used to reduce the number of charges a protein complex acquires 
during ESI.171 Consistent with gas phase dissociation the nature and order of subunit dissocia-
tion is indicative of stoichiometry and topology.  Furthermore, since the sub-complexes are 
generated in solution, it is anticipated that they would be more reflective of a native protein 
structure than those formed in the gas phase. For example, the use of solution based dissocia-
tion combined with gas phase dissociation allowed for the determination of stoichiometry 
and topology of the E.coli ribonuclease cascade complex.172 Combining this information with 
electron microscopy (EM) and SAXS data, the authors proposed a ‘de novo’ structural model 
for this protein complex. Another example, more specific to the study of virus associated 
processes, monitored the (dis)assembly intermediates of NVLPs and demonstrated that the 
assembly process was sensitive to both ionic strength and alkaline pH.173 At pH 8 and pH 9 
the differing extent of (dis)assembly allowed for characterisation of previously unobserved 
oligomeric intermediates that included a 40-mer, 60-mer and 80-mer. The identity of all but 
the 80-mer could be confirmed by tandem MS, with the m/z of the 80-mer exceeding the isola-
tion capability of the quadrupole.
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2.4 Application of native MS to the study of virus structure and viral-associated 
processes

The first examples of ESI of intact viruses targeted the yellow mottle virus (RYMV) and to-
bacco mosaic virus (TMV) in which the generated ions were separated by triple quadrupoles 
(operated in RF-only mode) and although unable to detect them by MS, collection on a brass 
plate and subsequent EM demonstrated that the viruses remained viable.174 Successful detec-
tion by MS was demonstrated some years later for bacteriophage MS2 (Mw 2.5 MDa) on an 
ESI-ToF instrument, and although exhibiting a poorly resolved charge state distribution a 
Mw could be estimated which fell in the expected mass range.175 In solution dissociation of 
bacteriophage accurately assigned the Mw of the monomer subunit and identified the pres-
ence of likely assembly intermediates. Since then native MS has been used to examine the 
structure of a number of intact viruses.176 Work by our group on a modified Q-ToF instrument 
(Section 2.2) demonstrated the resolution of two distinct capsid morphologies of the Hepatitis 
B virus (HBV), T = 3 and T = 4.177 From the resulting charge resolved distributions Mw’s of 
3 MDa and 4 MDa could be assigned with an accuracy below 0.1%. In another study, ESI of 
NVLPs identified a broad distribution of unresolved ions.173 Although a Mw could not be de-
rived due to the lack of charge state resolution, using an experimentally derived relationship 
between Mw and charge state based on several macromolecular assemblies, including HBV, 
a Mw of 10.1 MDa could be assigned. Examination of the denatured virus identified mass 
heterogeneity in the NV monomer, VP1, thus accounting for the lack of resolution on the in-
tact virus. More recently, characterisation of the first assembly intermediate of bacteriophage 
HK97, the Prohead-1 capsid, showed a charge resolved distribution allowing for derivation of 
a Mw of 18 MDa, the largest virus to date mass analysed by MS with charge state resolution.178 

2.5 Ion Mobility Mass Spectrometry

A relatively new application in structural biology is the use of Ion Mobility Mass Spectrom-
etry (IMMS) allowing information pertaining to the conformation and topology of a protein 
complex to be inferred. Ion mobility (IM) allows for the separation of ions as they migrate 
through a neutral buffer gas under the influence of an electric field. Equation 2 describes the 
relationship between ion velocity (v), the applied electric field (E) and the ions mobility (K). 
This can be determined by measuring the time required to traverse a drift cell (tD) of known 
dimensions (d).

     v = KE = (d/tD)                                                                                                                   Equation 2

The rate at which a species migrates, or its mobility (K0), is described by Equation 3, and 
relates K0 an ions charge (z, e), its conformation, more specifically its collisional cross section 
(Ω), the density of the drift gas (N) and the reduced mass of the ion and buffer gas (µ). Ad-
ditionally, it is also dependent on temperature (T) and the Boltzmann constant (KB).

     K0 =  (3 z e)/(16 N) (1/Ω) ((2 π)/(μ KB  T))1/2                                                      Equation 3
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Hence the mass, charge and collisional cross section (CCS or Ω) of an ion will determine its 
mobility under defined experimental conditions, and since m/z is defined by MS, IMMS al-
lows for the determination of CCS, the orientationally averaged area of an ion that is able to 
interact with a buffer gas. In general, ions having a larger CCS will undergo a greater number 
of collisions with the buffer gas, thus retarding its mobility through the drift cell, leading to a 
long drift time compared to ions with a smaller CCS.

Early work by the group of Clemmer examined the application of this technique to the study 
of protein and peptide structure, determining the mobility of denatured proteins, apo-my-
oglobin, cytochrome c, lysozyme and ubiquitin.140,179,180 Most importantly, they were able to 
resolve by IMMS the different gas phase conformations of these proteins and determine their 
CCS, and demonstrated the dependency of conformation on charge state, with the lower 
charged species displaying the more compact structures. 

Other methods of ion mobility have also been developed, for example high-field asymmetric 
ion mobility spectrometry (FAIMS) or differential mobility spectrometry (DMS), in which an 
alternating asymmetrical high and low electric field is applied between two electrodes. An 
ions mobility is thus related to the difference in mobility between two fields, rather than the 
applied field. The use of the differential mobility analyser (DMA) will be discussed in further 
detail in this introduction as a component of the gas phase electrophoretic mobility molecular 
analyser (GEMMA) (Section 2.5.4).

2.5.1 Travelling wave ion mobility mass spectrometry (TWIMS)

TWIMS is a recent development in IMMS that has been incorporated into a commercially 
available (Waters) instrument.181-183 It consists of an ion mobility (IM) unit (Figure 10a) situ-
ated between the quadrupole and ToF in an ESI-q-ToF type instrument. As such it can be used 
both as an additional means of separation and/or as a collision cell for activation/dissociation.  
Unlike conventional IM instruments, a travelling voltage wave, T-wave, is used to propel ions 
through the mobility cell, which consists of three regions; the trap, the main IM cell and the 
transfer (Figure 10a). Each region consists of a stacked ring ion guide (SRIG) consisting of a 
series of ring electrodes (Figure 10b). Opposite phases of RF voltage are applied to adjacent 
ring electrodes resulting in a radially-confining potential well. By superimposing a DC volt-
age onto sequential electrodes, a mobile electric field is generated, the T-wave, on which the 
ions ‘surf’ propelling them through the centre of the electrodes (Figure 10c). Those ions hav-
ing lower mobility cannot keep up with the velocity of the wave and hence, ‘roll over’ the po-
tential wave crest a number of times. In contrast, the higher mobility ions experience less ‘roll 
overs’ and therefore have a faster transit time through the IM cell (Figure 10c). In this manner 
ions become separated, and both the velocity and amplitude of the wave (and gas pressure) 
can be optimised to enable more efficient separation. 

In its simplest mode of operation the trap can be used to store ions prior to their introduction 
into the IM cell for separation or activation, with subsequent transmission through the trans-
fer cell to the ToF analyser. Ions can however, be activated in both the trap and transfer cells 
to further probe the energetics of a differing population of conformers. The main drawback of 
TWIMS is that the effect on an ions mobility upon interaction with the T-wave is not fully un-
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derstood, hence calculation of reliable absolute CCSs has remained difficult. Instead the CCSs 
for a set of proteins, observed by the Clemmer group184 from measurements using a drift tube, 
have been used to calibrate the CCS obtained on a TWIMS instrument.185 More recently, due 
to the limited mass range of these proteins (< 17 kDa) and their denatured state, this has been 
extended to include higher Mw proteins (~237 kDa) in their native state.186 In this study, the 
CCSs of both native and denatured proteins obtained in a TWIMS cell were compared with 
those obtained when the cell was replaced by a drift cell with a radially confining RF potential 
and a linear voltage gradient (i.e. no T-wave). In addition, since conventional drift cell IM 
uses a buffer gas of helium, and TWIMS uses nitrogen, a comparison of the effects of these 
gases on CCS was made, showing that a correction factor could be applied to CCSs derived 
from measurements in helium but applied to proteins studied in nitrogen (i.e. TWIMS). Most 
significantly, the study enabled the determination of CCSs of higher Mw native proteins (in 
nitrogen) and showed improved CCS determination by calibration with proteins of a broader 
range of mobility and mass. 

+ + + + + +- +-- - - -

ions from 
ion source

to detector

gas flow

potential gradient

TRAP TRANSFERION MOBILITY SEPARATION

Ions in Ions out

(a)

(b)

(c)

Figure 10: Principles of travelling wave ion mobility in a TWIMS instrument. (a) Illustrates the components of 
the tri-wave ion mobility unit; the trap, the IM cell and the transfer; (b) Schematic to illustrate adjacent ring elec-
trodes and phases of the RF voltage, of the stacked ring ion guides (SRIG) that constitute components of the IM cell; 
(c) Schematic to illustrate the separation of ions in TWIMS whereby application of sequential DC potentials to the 
electrodes of the SRIG creates a mobile electric field allowing ions to be propelled through the cell. Generally, low 
mobility ions cannot keep up with the T-wave velocity, experience more ‘roll overs’ and have a longer transit time in 
the IM cell compared to higher mobility ions. 
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2.5.2 Generation of theoretical CCSs for comparison with experimental CCSs

For many structural biology applications, experimentally derived CCSs are compared to theo-
retical CCSs calculated for known structures or theoretically predicted structures. A theo-
retical CCS can be generated using a programme called MOBCAL, which uses three differ-
ent treatments of ion buffer gas collisions for calculation of the rotationally averaged cross 
section from input coordinate files derived from X-ray crystallography, NMR or molecular 
dynamic simulations.187,188 The projection approximation (PA) algorithm averages geometric 
projection areas over all possible orientations, but ignores long range interactions and details 
of the scattering process between the buffer gas and ion. In the exact hard sphere scattering 
(EHSS) algorithm scattering and the collision process is taken into account, but long range 
interactions are ignored. The trajectory approximation (TA) however takes into account both 
these interactions providing reliable and accurate CCSs, but is computationally exhaustive. 
The PA method has been shown to underestimate CCS compared to both the EHSS and TA 
methods.189,190 Generally, in comparison to experimental CCSs the PA predicts a CCS that is 
higher, and the EHSS predicts a CCS that is lower. Accounting for these observations, the CCS 
of a theoretical structure that more closely approaches the experimental CCS is predicted as 
a more probable structure.

2.5.3 Application of IMMS for the study of non-covalent protein complexes

IMMS has been used in a variety of structural and biophysical characterisation studies, ex-
amples of which will be discussed further. IMMS has been instrumental in our fundamental 
understanding of the relationship of gas phase structure with solution phase allowing us to 
monitor gas phase conformations, calculate CCSs and compare these to either theoretically 
predicted structures or known solution conformations. In a pioneering study carried out by 
the Robinson group, IMMS revealed three differing conformations of the oligomeric RNA 
binding protein complex TRAP.128 By comparison of experimental CCSs with theoretical CCSs 
calculated for theoretical structures generated by molecular dynamic (MD) calculations, they 
could assign the observed TRAP conformations to a native ring-like structure (observed at 
low charge states), a more compact intermediate assembly and a collapsed structure (ob-
served at the highest charge states). Of significance was that increasing the internal energy 
of the native ring-like conformation by collisional activation, caused the structure to collapse. 
Collapse of this ring-like structure could however, be prevented by addition of a binding 
ligand, and hence the ring-like structure stabilised. Later work by the same group identified 
a similar behaviour in other ring-like structures, e.g. the serum amyloid P component (SAP), 
further illustrating the dependency of compaction on charge state, a behaviour not observed 
for globular structures (TTR).191 The work also highlighted the deviation of gas phase struc-
tures from solution phase structures for certain types of protein complexes and under specific 
gas phase conditions. 

Whilst tandem MS can be used to probe the stability of protein complexes towards gas phase 
dissociation, IMMS can be used to monitor the changes in conformation, or unfolding, prior 
to dissociation, and the effect on this of ligand binding, thus allowing further insight into 
the mechanism by which protein complexes dissociate.  For example, using IMMS to moni-
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tor the effect of increasing dissociation energies on the conformations of transthyretin (TTR) 
identified a narrow range of structural states in absence of activation, increasing to a much 
broader range of conformations at higher activation energies prior to dissociation.192 This fur-
ther evidences the presence of partially folded intermediates prior to dissociation. This study 
was extended to monitor the effect on unfolding/dissociation of ligand binding, comparing 
a mutated version of TTR to the wild type.193 Using IMMS these authors were able to show 
a reduced stability to gas phase dissociation of the mutated TTR, but no change in the con-
formations observed upon unfolding prior to dissociation. Stabilisation of the more compact 
conformations of both TTR species was observed upon thyroxin (ligand) binding, with the 
mutant more resistant to unfolding prior to dissociation compared to the wild type. Similar 
results were also obtained in another study demonstrating increased stability towards ac-
tivation of; ligand-bound FK binding protein, lysozyme and myoglobin, compared to their 
unliganded counterparts, whereby the ligand-bound proteins continued to populate the more 
folded conformations.194 

Whilst MS can be used to determine stoichiometry (Section 2.3.1) only limited information 
about the topology of a protein complex can be derived. In contrast IMMS characterisation of 
solution phase generated sub-complexes can both define the interacting components of a sys-
tem by assigning probable structures, and in combination with the overall size of a complex, 
provide the basis for a low resolution structural model. In one such study IMMS was used to 
monitor the sub-complexes generated by solution phase dissociation of the dodecameric as-
semblies glutamine syntase and Oct.195 By comparison of experimentally derived CCSs with 
theoretical models allowed for a prediction of the most probable structure of the sub-complex. 
In application to a heteromeric protein, eIF3, although the structure of the sub-complex could 
not be assigned specifically, identification could be reduced to a narrow range of possible 
structures. Using this methodology, the same group described a computational approach that 
incorporated the modelling of theoretical subunit structures, their analysis by MOBCAL for 
theoretical CCS prediction and the subsequent comparison with experimental CCS to identify 
a subset of likely structures.196 This was further extended to incorporate a scoring algorithm 
whereby the experimental CCS could be used as a restraint when determining the most prob-
able structures.197 

More specific to the work carried out in this thesis, IMMS has been used to examine both virus 
structure and viral processes. Investigation of the gas phase conformation(s) of the Hepatitis 
B virus (HBV) determined CCSs for both T = 3 and T = 4 capsids, which were consistent with 
previously published cryo-EM data for the capsid diameters.198 Additionally, they resolved 
two different conformations of each capsid morphology but suggested these conformations 
likely resulted from the ionisation/desolvation process rather than actual solution phase con-
formations. This study was extended to the analysis of sub-complexes formed upon solution 
phase disassembly of both HBV and NVLPs.199 Comparing modelled CCSs and experimental 
CCSs of the sub-complexes they suggested extended sheet-like structures of the intermediates 
rather than more globular structures, and proposed a likely structure of the assembly nucleus. 
In a different study two significantly populated assembly intermediates of the bacteriophage 
MS2 were examined by IMMS and a probable selection of structures assigned based on the 
known stoichiometry of the intermediates.200
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2.5.4 Gas-phase electrophoretic mobility molecular analyser (GEMMA) 

GEMMA is an ESI based IM technique that allows for the estimation of Mw based on the 
electrophoretic mobility diameter (EMD) of singly charged ions, whereby the EMD is defined 
as the diameter of a singly charged sphere having the same electrophoretic mobility (EM) 
as that of the particle.201 In GEMMA, ESI generated multiply charged ions are reduced to 
a single charge upon interaction with charge reducing agents generated from a 210P source 
of α-radiation. This generates 1% of singly charged particles, the rest remaining multiply 
charged or neutralised.  Singly charged particles are separated by their EM at atmospheric 
pressure in a differential mobility analyser (DMA) (Section 2.5), before their detection by a 
condensation particle counter (CPC). In CPC detection the analyte ion is mixed with a flow of 
saturated organic solvent vapour (typically butanol) and cooled so that ion becomes a nucleus 
for condensation. The droplet grows in size to ~ 10 µM and is subsequently detected using a 
laser optical device for light scattering. Since the mobility range of the DMA amply covers the 
megadalton mass range, and CPC detection is improved with larger diameter species, it has 
found application for the characterisation of very large protein complexes, especially viruses. 

Initial work by Kaufman analysed globular proteins and protein complexes up to a maximum 
of 1.3 MDa demonstrating an observed linearity between EMD and Mw.201 Application to a 
number of protein complexes, the largest a 3.6 MDa haemoglobin complex from earthworm 
Lumbricus terrestris showed good correlation between the theoretical Mw, and the Mw pre-
dicted from an EMD versus Mw calibration curve.202,203 The group of Allmaier further extend-
ed this work to include 32 proteins and glycoproteins with a maximum Mw of 2 MDa, instead 
used a cubic fit curve function to fit the data.204 They noted however, that although the EMD 
of an 8 MDa RNA-filled human rhinovirus, HRV2, was consistent with electron microscopy 
data, their prediction of Mw from its EMD was considerably lower, 5.2 MDa. They ascribed 
this difference to the presence of RNA inside the capsid, a density that would be very dif-
ferent to protein density, and also to limitations in the upper limit of the calibration curve (2 
MDa). GEMMA has been applied to the study of many large protein systems, such as the 20S 
proteasome complexes and 20S lactacystin complexes,205 Jack bean urease complexes,206 but 
more specific to the work detailed in this thesis, to the characterisation of viruses; rice yellow 
mottle virus (RYMV), cowpea mosaic virus (CPMV), bacteriophage MS2, the adenovirus207,208 

and the cowpea chlorotic mottle virus (CCMV).209 Importantly, in cases where the GEMMA 
derived EMD was compared to the electron microscopy derived diameter, GEMMA EMDs 
were generally found to be 10-20% smaller. The technique has also been applied to the study 
of virus-antibody interactions, more specifically the interaction of HRV2 with the monoclonal 
antibody 8F5.210 In this study the concentration-dependent binding of the antibody to the 
virus was monitored and from its EMD the Mw of the complex and the number of bound 
antibodies predicted. However, calculation of Mw in this type of complex was instead based 
on geometric considerations, rather than a Mw versus EMD calibration curve (discussed in 
further detail in Material and Methods section of Chapter 4).
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3. Hydrogen deuterium exchange mass spectrometry (HDX-MS)

The potential exchange of a proteins hydrogens with hydrogens from the surrounding sol-
vent has long been known, with the early pioneering work of Lingstrom-Lang and co-work-
ers at the Carlsberg Laboratory in the 1950’s laying the foundation for the hydrogen exchange 
(HX) measurements we carry out today.211-213 Despite the lack of protein crystal structures- it 
would be many more years before the first protein structures would be solved- and molecular 
dynamics in its infancy, the mechanisms and equations that Lingstrom-Lang derived govern-
ing the dynamics of protein hydrogen exchange processes, are still valid today. 

HX is a continuous process, readily observable when a solvent contains an element distin-
guishable from hydrogen. Initial observations of HX were made in deuterium oxide (D2O), 
and although the use of tritium has been explored,214,215 D2O still remains the solvent of choice 
today. Any spectroscopic method capable of distinguishing isotopes can be used to measure 
HX and as such the exchange process has been used in conjunction with nuclear magnetic 
resonance (NMR),216 infra-red (IR) spectroscopy,217 ultra-violet (UV) spectroscopy,218 Raman 
spectroscopy219 and mass spectrometry (MS). Much of our early knowledge of HX kinetics 
and mechanisms result from HX in conjunction with NMR, the structural resolution of which 
allows for site resolved hydrogen exchange.220-224 With the advent of electrospray143 as a meth-
od of ionisation in MS,144 HX was extended from NMR to MS with the first hydrogen deu-
terium exchange (HDX) MS experiments in the early 1990’s,225 and extended in subsequent 
years.226-229 Today, the combination of MS with HDX is a popular and powerful technique 
for studying the dynamics involved in protein assemblies, and has been the subject of many 
recent reviews.224,230-237 

3.1 HX theory

Hydrogens exist throughout the structure of a protein and distinctively fall into three groups; 
(i) hydrogens at the protein termini, (ii) hydrogens bonded to amide linkages and (iii) hydro-
gens involved in the amino acid side chains. While all exchange in a deuterated solvent, the 
ability to measure the exchange by means of spectroscopy govern their observability. Both 
side chain exchange and termini exchange occur very fast (< msec), i.e. too fast to be measured 
on the timescale of a typical MS experiment, hence the focus of an HDX-MS experiment is the 
exchange of backbone amide hydrogens (whereby the rate of exchange ranges from secs to 
years). Since every amino acid has a backbone amide hydrogen (with the exception of proline) 
HX potentially provides residue resolved resolution. Furthermore, since amide hydrogens 
are primarily involved in H-bonding networks that constitute secondary structure (α-helices 
and β-sheets) information governing secondary structural aspects can be inferred. 

Hydrogen exchange can be both acid and base catalysed221,238,239 with the rate of exchange 
given by; 

     Kint = kH[H+] + KOH[OH-]     Equation 4

In which, kint the intrinsic exchange rate constant is dependent on both the acid and base rate 
constants, kH and kOH, respectively. Amide hydrogen exchange by a strong base (OH-) involves 
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direct deprotonation of the amide hydrogen by the base, followed by reprotonation of the 
amide nitrogen with a proton from the solvent. Exchange by a strong acid (H3O+) proceeds 
via amide protonation by the acid (N- or O-protonation). (Note: when the exchange solvent is 
D2O, the strong base takes the form (OD-) and the strong acid (D3O+)). 

At physiological pH, the pH at which most HX experiments are performed, it is the base cata-
lysed mechanism which prevails with the pH minimum for exchange at pH 2.5, increasing by 
a factor of 10 per pH unit at higher and lower pH240-242 (Figure 11a). The high pH sensitivity 
of this reaction makes this a critical parameter to control. In addition, the reaction is strongly 
dependent on temperature (exchange rate increases 10-fold per 22°C in unstructured pep-
tides)236,241 (Figure 11b). The intrinsic rate of exchange has also been shown to be affected by 
a number of factors that affect the chemical environment of an amide hydrogen arising from; 
the local inductive effects of adjacent side chains by the reactivity of neighbouring side chains 
and the steric effect of these neighbouring groups.220,241,242 In an unstructured peptide, based 
on its sequence, for a given pH and temperature the exchange of each amide hydrogen can 
be predicted.220,241

Beside the chemical factors that govern HX rate, the involvement of H-bonding in the second-
ary structure of a protein and the related solvent exposure, place further restrictions on the 
HX rate. Whilst the primary structure of a peptide can affect amide HX rates 30-fold, second-
ary, tertiary and quaternary structure can decrease the rate of exchange at a given amide bond 
by as much as a factor of 108.234 In the presence of these structural elements a transient separa-
tion of the H-bond donor and acceptor groups must occur for attack by the solvent catalyst. 
Hence, the rate of HX is determined by both the extent of H-bonding and solvent exposure. 
Slow exchange is indicative of solvent protection and/or H-bonding. Fast exchange indicates 
solvent exposure and/or no H-bonding. Therefore, HX in folded proteins can be considered 
a two process model, Equations 5 and 6.230,231,235,237,244,245   Equation 5 describes the first process 
whereby exchange occurs from the folded form:

Figure 11: Dependency of (a) pH and (b) pH and temperature, on the rate constant for the isotopic exchange of 
hydrogens located on peptide amide linkages of polyalanine, indicating the lowest HX rate at a pH of 2.5 and tem-
perature 0°C (adapted from243).
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In which FH is the folded protein in hydrogen and FD is the folded protein in deuterium with 
a rate of exchange of kex,F. Exchange from this folded form likely dominates for amide hydro-
gens not involved in H-bonding and located near the surface. Exchange by the second process 
occurs from the partially unfolded forms (Equation 6):

                                                                     Equation 6

In which F is the folded form, U the unfolded form with subscripts H and D denoting hydro-
gen and deuterium, respectively. The rate constants k1 and k-1 correspond to unfolding and 
folding rate constants, and k2 the chemical rate of exchange from the unfolded protonated 
form (UH) to the unfolded deuterated form (UD). It is the kinetic competition between the 
events described in Equation 6 that facilitate the HX of structured proteins, with localised 
unfolding events breaking intramolecular H-bonds and exposing hydrogens to the solvent 
thereby allowing for their exchange. If localised refolding is faster than chemical exchange, 
i.e. k-1 >> k2, then localised unfolding must occur many times for successful exchange. This 
type of kinetics is termed as EX2 kinetics (bimolecular exchange).246 In contrast, when the in-
trinsic rate of exchange (UH to UD) is faster than localised refolding, i.e.  k-1 < k2,  then multiple 
amide hydrogens can cooperatively become exchanged in a single unfolding event before re-
folding occurs. This type of exchange kinetics is called EX1 kinetics.247 Although the structural 
changes required for HX at individual sites may differ slightly in the magnitude of the atomic 
displacement, in highly compact proteins these movements are thought to represent less than 
an angstrom of displacement.222,223 These two regimes of exchange kinetics and their observa-
tion by MS are discussed in further detail in Section 3.4.2.

3.2 Methods of deuterium introduction

The most widely used method for the incorporation of deuterium into a protein involves dilu-
tion of the protein at physiological pH (pH 7) into an excess of deuterated solvent (typically a 
>15-fold dilution).  The large excess of deuterium ensures the labelling reaction (k2 in Equation 
6) is driven in the direction of the deuterated state. Incubation in the deuterated solvent for 
different lengths of time allows for time-dependent information on deuterium uptake, and 
the extent of solvent exposure and/or H-bonding for a given protein region to be inferred. 
More commonly the exchange of hydrogen for deuterium is monitored (‘exchange-in’), but it 
is also possible to monitor the exchange of deuterium for hydrogen from a fully deuterated 
sample (‘exchange-out’). In the former dilution approach, the drawback is that the protein 
becomes diluted. In the latter approach, the necessity for a fully deuterated protein can make 
this approach more difficult. 

Kex,F
FH FD

D2O

FH

k1 k1
UH

k2

D2O

UD FD

k-1k-1
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After deuteration for a given time period, the reaction must be quenched. This is achieved 
by reducing the pH to 2.5 and the temperature to 0°C (half-life ~30 min),241 conditions where 
exchange is at a minimum (Section 3.1). The reversion of deuterium to hydrogen is known 
as ‘back exchange’ and results in the loss of the deuterium label, and as such should be mini-
mised. Hence, short analysis times after the deuterium label has been introduced, and mini-
mal exposure to protonated solvents, is essential. 

There are generally two types of labelling experiments, continuous labelling and pulse label-
ling.231,234,248 Continuous labelling experiments involve the dilution into D2O of a protein under 
conditions whereby the native state is maintained. Monitoring the HD exchange for different 
deuterium exposure times, allow for information pertaining to the conformational dynamics 
of a protein under equilibrium conditions, and has proved especially useful for monitoring 
slow/intermediate unfolding states. This approach can be used to monitor both the natural 
motions of a protein and the effect on protein structure in response to, for instance, ligand 
binding, protein complex formation and perturbation by external factors (e.g. pH, tempera-
ture).249-251 Pulse labelling instead exposes the sample to deuterium for a brief time period, 
typically 10 secs or less (the pulse).252,253 Only those molecules that are unfolded at the time of 
the pulse become labelled, hence this method is more indicative of the instantaneous popula-
tion of folded and unfolded states. As such, it has been used to study protein folding mecha-
nisms and for the identification of transient intermediate states, often in response to the addi-
tion of a perturbation reagent.254-257

3.3 Global exchange analysis: Intact protein based HDX-MS

Global HD exchange examines the extent of exchange of the intact protein allowing for the 
differentiation between structural and dynamic states, and provides a more general picture 
of the conformational states present.258,259 Often it is used as a perquisite for further peptide-
based HX investigations to localise the structural difference between states (Section 3.4). Early 
work by the Konermann group260 utilised a rapid online mixing system for deuterium incor-
poration and quenching, with direct infusion into an ESI mass spectrometer to monitor the 
conformational states of partially denatured myoglobin. Multiple conformations were indi-
cated by the ESI charge state distributions with information from HDX indicating the kinetics 
of these conformers. Global deuterium exchange has also been used to monitor the ligand 
dependent binding of simple protein ligand systems. PLIMSTEX261,262 is as approach applied 
to the study of protein-ligand interactions by titration and HD exchange, whereby varying 
the ligand concentration allows for information on affinity, stoichiometry and conformation. 
Another similar approach is SUPREX,263,264 which looks at protein stability based on HD ex-
change by monitoring the global unfolding equilibria of species formed after perturbation 
with different concentrations of chemical denaturant.  

3.4 Local exchange analysis: Peptide-based HDX-MS

Peptide-based HDX-MS is probably the most popular workflow, when MS is used to detect 
hydrogen exchange, and allows for the resolution of deuterium incorporation at the peptide 
level (Figure 12). Predominantly, it is used to determine the relative deuterium incorpora-
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Figure 12: Schematic overview of a peptide-based HDX-MS strategy. Sample preparation involves the exposure of 
a folded protein to deuterium (for a specified time period) leading to the exchange of hydrogen for deuterium (a). The 
reaction is quenched and online pepsin digestion generates peptides that retain the deuterium label (b). Peptides are 
trapped and separated at 0°C using a fast LC gradient, prior to their detection by MS (b & c). Peptides are identified 
based on their MSE spectra and software used for peptide identification and calculation of deuterium incorporation 
at the different exposure times (b & d). Note, the centroid of the distribution (as indicated in grey) defines the m/z 
and level of deuterium incorporation (d). Comparison of deuterium incorporation between the unbound protein and 
ligand-bound protein, at different deuterium exposure times, allows for the determination of the relative deuterium 
uptake between two states (e).
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tion between two different states. It involves the enzymatic generation of deuterated pep-
tides from a deuterated protein followed by liquid chromatographic (LC) separation of the 
peptides prior to their detection by MS.228 The deuterium label is incorporated at the protein 
level for a specified time period before the reaction is ‘quenched’ (Section 3.2). Denaturants 
such as urea or guanidine hydrochloride, and reducing agents such as tris(2-carboxyethyl)
phosphine hydrochloride (TCEP), are commonly added to the quench solution to ensure the 
protein is sufficiently unfolded prior to enzymatic digestion. This is especially important for 
the efficient digestion of very large protein assemblies.265 In HDX-MS pepsin digestion is by 
far the most popular method for peptide generation due its compatibility with low pH and 
0°C. This can be carried out offline,266 and with the introduction of an immobilised pepsin col-
umn, online in combination with solvents adjusted to pH 2.5.267-269 Peptides are subsequently 
LC separated prior to their analysis and detection by MS (Figure 12a-c).

Typical lengths of the peptides generated by pepsin range from 5-10 amino acids, make this 
a defining factor for resolution of the deuterium label. Investigation into possible alternatives 
to pepsin that may increase this resolution have identified several acid tolerant enzymes, 
such as protease type XIII from aspergillus, protease type XVIII from Rhizhopu,270-273 the re-
combinant aspartic protease, plasmepsins 2, from the parasite Plasmodium falciparum274 and 
secretions from the Nepenthesin genus.275 Although a direct or improved alternative enzyme 
was not implied, combining the digestion data from multiple enzymes generally led to higher 
sequence coverage. Furthermore, the number  of overlapping peptides was increased, thereby 
offering the potential for better spatial resolution of the deuterium label. 

‘Back exchange’ is more prevalent for peptide-based HDX MS because of the time involved 
in enzymatic digestion, and more importantly, the time required for LC separation of pep-
tides.276 Methods to reduce ‘back exchange’ have focussed on the use of cooled LC systems 
and a number of in-house built systems have been reported.277-279 More recently, a commer-
cially available (Waters) ultra-high performance liquid chromatography system (UPLC) fit-
ted with HDX technology has been introduced,277,280 making HDX-MS amenable to a wider 
community.281-283 It incorporates a UPLC system fitted with an heated chamber for the pepsin 
column and a cooled chamber (0°C) for peptide trapping and LC separation. Although the 
pepsin column should ideally be at 0°C to minimise ‘back exchange’, fast digestion leads to 
low residence time of the deuterated protein on the column, thus allowing for higher pepsin 
column temperatures to be used. It has been shown that temperatures of 20°C, at which di-
gestion is more efficient, do not adversely affect the deuteration label in this type of set-up.268 
Most importantly the use of UPLC, which incorporates smaller particle sizes in the LC column 
packing (1.7 µm) that are capable of sustaining higher pressures (10,000 psi), enables higher 
resolution peptide separation at increased speed, thus further reducing the time period avail-
able for ‘back exchange’. Finally, the LC eluate is directed into the mass spectrometer for ESI 
ionisation and peptide detection (Sections 3.4.1 and 3.4.2).

3.4.1 Instrumental set-up for peptide-based HDX-MS as used in the work de-
scribed in this thesis

The HDX-MS system used in this thesis incorporates a nano-acquity UPLC system fitted with 
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HDX technology (Waters) (Section 3.4) in combination with a Xevo G2 mass spectrometer 
(Waters) (Figure 13a). The Xevo G2 is an electrospray-quadrupole-time-of-flight instrument 
(ESI-Q-ToF) (Figure 13a), incorporating T-wave technology (Section 2.5.1) in the collision cell 
and using a special method for generating peptide fragmentation data termed ‘MSE’. MSE 

is a data-independent meth-
od for peptide fragmenta-
tion, involving an MS scan 
at low collision energy (CE) 
followed by an MS scan at 
higher CE to induce peptide 
fragmentation. Low CE ions 
(precursor or parent ions) 
can be directly correlated 
with their corresponding 
high CE ions (fragment or 
product ions) based on their 
chromatographic retention 
time (Figure 13b). 

Another key feature of the 
Xevo G2 MS is the use of 
‘lock-spray’ in the ion source, 
which is used to enhance and 
control the mass accuracy 
(Figure 13a). The ion source 
is fitted with two spray units, 
one for the LC eluent and the 
other for the ‘lock-spray’ con-
taining the reference solution 
of known mass. During the 
analysis the ‘lock-spray’ is 
sampled periodically, mass 
determined and any neces-
sary correction to the m/z of 
the sample is automatic. 

3.4.2 Interpretation of MS data and calculation of deuterium uptake, for peptide-
based HDX-MS 

Initially, the extent of enzymatic digestion of the non-deuterated sample is checked to identify 
peptides that can be used to compare the extent of deuteration for given structural regions 
between the two states under investigation. Peptides in the non-deuterated sample are identi-
fied by their collision induced fragmentation pattern (Figure 13b), and by comparison of their 
experimentally derived peptide sequences with the known sequence of the protein(s) under 
analysis. Deuterated samples at the different time points, for the two states to be compared, 
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Figure 13: (a) Schematic to illustrate the Xevo G2 ESI-Q-ToF instru-
ment (Waters). (b) Fragmentation of peptides by MSE involves an MS 
scan at Low CE (i) to identify precursor ions, followed by an MS scan at 
high CE (ii) to generate fragment ions. Based on LC retention time align-
ment (iii) the software can deconvolute the data to correlate precursor ions 
with fragment ions (iii). (Different precursor ions and their corresponding 
fragment ions and correlated by symbols *, ∆, °).
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are analysed under identical conditions. By comparison of the LC elution time the deuterated 
peptide can be related back to its non-deuterated counterpart. 

The number of deuteriums incorporated for a peptide is determined, generally, by compar-
ing, the centroided m/z of the deuterated peptide with the centroided m/z of its non-deu-
terated counterpart (Figure 12d). The processing and calculation of such data has received 
considerable attention and a number of dedicated software tools have been developed.284-290 

The software used for HDX-MS in this thesis is the instrument vendor (Waters) developed 
software. This incorporates Protein Lynx Global Software (PLGS) for deconvolution of the 
MSE data and comparison with theoretical protein sequences, and DynamX software for cal-
culation of peptide deuterium uptake. The % deuterium exchange for a peptide is calculated 
by dividing the measured number of deuteriums incorporated into a peptide by the number 
of exchangeable hydrogen atoms for that peptide (Equation 7). The calculated number of 
exchangeable hydrogen atoms is equal to the number of amino acid residues, minus one for 
the N-terminal residue and minus the number of proline residues (which have no amide hy-
drogen for exchange). 

% D uptake per peptide =                    deuterium uptake (Da)                                               Equation 7                                                   
                                          (no.amino acids - N terminal amino acid - no.prolines)                                               

Although many research groups281,283,291 use the approach detailed in Equation 7, other 
groups276,292 also take into account observations that the first amide in the peptide is influenced 
by the free amino group at the N-terminus and hence considered as non-exchangeable.220,241 

Whichever method is used, assignment of the % deuterium uptake for a given peptide allows 
for comparison across different deuterium exposure times and states. 

The increased number of peptides observed upon enzymatic digestion of both the non-deu-
terated and deuterated proteins, the more peptides available for comparison, and the more 
information regarding the deuterium uptake for different structural elements, at different 
times and between differing states, can be inferred. While peptides whose sequence share 
some degree of overlap offer additional confidence in the derived deuterium uptake for given 
regions, some degree of caution should be taken when using a subtractive method for further 
localising the deuterium uptake. This is because of the different ‘back exchange’ kinetics for 
peptides of differing amino acid sequence and length.293 Furthermore, it is because of these 
documented affects (Section 3.1) that derivation of the absolute deuterium incorporation is 
less reliable, since the level of ‘back exchange’, the extent of which depends on the peptide, 
must also be included in calculations of absolute deuterium uptake. Despite this, an estimate 
of ‘back exchange’ is routinely carried out for a particular experimental set-up, even though 
the estimate is not necessary for calculations of the relative deuterium incorporation between 
two states. ‘Back exchange’ can be estimated by analysis of a standard mixture of fully deuter-
ated peptides to monitor the extent of remaining deuterium label between quenching and MS 
detection. ‘Back exchange’ from 20%, even as high as 50%, is quite common. 

HDX-MS can also provide information about the type of kinetics specific regions undergo, 
i.e. EX1 or EX2 kinetics.246,247,294 The observation of these different kinetic limits by MS, results 
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in very different ion m/z distributions (Figure 14). EX2 kinetics results in ion distributions 
that gradually increase in mass at increasing D2O exposure times, whereas for EX1 kinetics 
two distinct populations are observed wherein the intensities, but not the m/z, change with 
increasing deuterium exposure (Figure 14). EX1 kinetics, therefore, is often indicative of two 
populations or conformations of a protein. Proteins may also contain regions that undergo 
EX1 and EX2 kinetics simultaneously and these are referred to as mixed EX1 and EX2 kinetics. 
In this case the two different ion populations change in both m/z and intensity with increasing 
exposure time. The assignment of m/z and deuterium uptake for EX1-type distributions, or 

distributions indicating mixed EX1 
and EX2 kinetics, remain a consid-
erable challenge,295 although some 
attempts have been made to ad-
dress this issue296,297 and dedicated 
software developed.298-300 

While all proteins undergo EX2-
type exchange kinetics at physi-
ological pH, only a few proteins 
have been documented to undergo 
EX1 kinetics.247,301-303 More com-
monly they have been identified 
through perturbation of a given 
protein system through the addi-
tion of certain reagents.304-306 When 
assigning EX1-type kinetics it is es-
sential that false EX1 signatures are 
disregarded. This can be caused by 
a number of factors including pro-
tein aggregation or oligomerisation 
before or during labelling, abnor-
mal back exchange behaviour and 
carry over between injections.307,308 

3.5 Site resolved deuterium localisation by gas phase peptide and protein frag-
mentation

Attempts have been made, through the use of gas phase dissociation methods, to improve 
the spatial localisation of the deuterium label, ideally reaching the level of individual amino 
acid resolution. Previously attempts utilising collision induced dissociation (CID) for frag-
mentation of deuterated peptides produced a high degree of uncertainty in the location of the 
deuterium label due to the effect of ‘scrambling’; the intramolecular migration of hydrogens 
or deuteriums between residues on the peptide backbone in the gas phase.309-311 However, 
electron capture dissociation (ECD)312 and electron transfer dissociation (ETD)313 seem to have 
overcome this issue and due to the nature of their dissociation pathways and the preservation 
of labile non-covalent bonds,314,315 are thus more useful. In ECD multiply charged ions are irra-
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Figure 14: Schematic to illustrate the change in ion population 
with increasing deuterium exposure time for EX1 and EX2 kinet-
ic extremes. When the rate of chemical exchange is slower than the 
refolding rate (K2 << K-1) then HX occurs by EX2 kinetics. When 
the rate of chemical exchange is faster than the rate of refolding 
(K2 >> K-1) then HX occurs by EX1 kinetics (also see Equation 6).
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diated with low energy electrons leading to dissociation. In ETD the electrons are transferred 
to the ionised peptide/protein from a radical anion such as anthracene or fluoranthene. The 
Konermann group has been instrumental in developments in this area, using a combination 
of HD exchange of the intact protein with ECD/ETD for localisation of the deuterium label. 
Initially looking at the ‘top down’ ECD of ubiquitin,316 then comparing the deuterium patterns 
of apo- and holo-myoglobin for both a given charge state and several ECD fragments, allowed 
for the identification of similarities and differences between the two structures.317 This was 
further extended to monitor short-lived folded intermediates of myoglobin256 and applied 
to the heterogeneous protein systems of Aβ oligomers commonly associated with amyloid 
fibrils of alzheimers disease.318,319 Noteworthy, is that even in a heterogenous oligomeric mix-
ture, the selection of a precursor ion for ETD can provide HX information specific to that 
oligomeric species, without contribution from the other oligomers in solution.

Additionally, the use of ETD for increased resolution of deuterium label localisation at the 
peptide level, has been shown for peptides generated from the online pepsin digestion of a 
deuterated protein complex with subsequent LC MS analysis.320 A comparison of the deute-
rium profiles of specific ECD fragments between the free and liganded states of the prolif-
erator-activated receptor γ was made. It was noted that although some ‘scrambling’ of the 
deuterium label did occur, by optimising both the temperature of the heated capillary and 
the isolation width of the precursor ion in the ion trap  (LTQ-orbitrap instrument) the effect 
could be reduced. However, these experiments once again exemplify the problems associated 
with the use of gas phase fragmentation methods for site specific location of the deuterium 
label. A more thorough understanding of the mechanisms involved and experimental set-up 
is required for precise and confident location of the deuterium label using gas phase fragmen-
tation methods, and will be essential before these kind of experiments become routine.

3.6 Gas phase HDX labelling

Another method that examines the deuteration of intact proteins uses a different method for 
deuterium labelling whereby the intact protein is labelled in the gas phase and often, subse-
quently subjected to ECD/ETD. Early experiments of gas phase deuterium labelling of pro-
teins321,322 showed evidence of coexisting gas phase conformations. More recently the work of 
Rand et al. explored gas-phase labelling of peptides and proteins upon exposure to ND3 while 
trapped in the TWIG of an IMMS.323 Labelling occurred a few msecs after ESI, and probed 
for timescales of 0.1-10 msec, significantly shorter than the labelling and analysis times of 
conventional solution based HDX. It was shown that labile protons were instead deuterated, 
with the extent of deuteration correlated to surface accessibility and conformational flexibil-
ity, as such offering information pertaining to gaseous ion structure and the conformation of 
a protein at the conditions of ESI. Extension of this approach to include separation of ETD 
fragment ions by IMMS allowed for the examination of the deuterium patterns of side chains 
and information pertaining to the nature of these side chains with respect to secondary and 
tertiary structure.324,325 These exciting observations for a subset of groups usually ignored in 
more traditional HDX MS studies, suggest a potential for a more in-depth analysis of protein 
structure with the possibility of a new methodology for examining the gas phase structure of 
bimolecular complexes.
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3.7 Applications of HDX-MS to the study of viral processes

HDX-MS was extended beyond the general scope of small protein domains when in 2001 the 
Prevelige group used HDX in conjunction with MALDI-ToF analysis to investigate the matu-
ration process of the bacteriophage P22.326 Formation of the P22 bacteriophage T = 7 procapsid 
occurs by assembly of the Cp in the presence of scaffolding proteins. Maturation is signalled, 
when scaffolding proteins are released upon DNA packaging and the capsid expands. By 
comparing the HD exchange profiles of the Cp monomer with the procapsid and the ma-
ture capsid, they were able to identify a number of regions in the mature capsid that became 
more protected compared to the procapsid, consistent with the mechanism of maturation. 
For example, a peptide located within the flexible ‘hinge’ region became more protected in 
the mature capsid, consistent with reports that this region becomes protease resistance in the 
expanded shell. 

The group used a similar approach to examine the structure of the human immunodeficiency 
virus type 1 (HIV-1).327,328 Structural studies of both the immature and mature particles had 
proved particularly challenging, the only known structural model was a cryo-EM reconstruc-
tion into which the crystal structure of the capsid (CA) protein was fitted. In addition to the 
subunit interfaces predicted by the cryo-EM model, other studies had suggested, but not 
shown, that interaction of the CA N domain with the C domain (NTD-CTD) was likely to play 
a role in assembly. By comparing the HD exchange profiles of free CA monomer with in vitro 
assembled CA they were able to identify regions involved in protein interactions upon assem-
bly.327 These were consistent with the subunit interfaces suggested by the cryo-EM model, but 
more interestingly they showed evidence of the NTD-CTD interaction. In a later study they 
examined the HIV-1 maturation process, a complicated a two-step process, that causes a pro-
found morphological change in which the CA and nucleocapsid (NC) protein collapse to form 
a conical core. Comparison of the HD exchange patterns of the immature and mature VLPs 
(iVLP and mVLP, respectively) for the CA protein, identified a region of bimodal exchange 
kinetics present in the mVLP but not the iVLP.328 Based on their previous study this region 
corresponded to the region involved in NTD-CTD interactions. The faster exchanging com-
ponent of this distribution was similar to that observed in the iVLP and free CA, whereas the 
slower exchanging component was more similar to the in vitro assembled CA. This further 
evidences the NTD-CTD interaction in mVLP. This work was further developed in later HDX 
MS studies to monitor the effect on subunit interactions caused by mutations that affected the 
capsid assembly and maturation process.329,330 

Other viral processes investigated by HDX-MS have included the pH-induced structural 
changes or ‘swelling’ of the chlorotic mottle virus (CCMV) and brome mosaic virus (BMV).331 

After correcting for the effect of pH on the chemical exchange rate (conditions that led to 
‘swelling’) they were able to show that the majority of the CCMV and BMV protein’s subunit 
became more exposed upon ‘swelling’, especially those regions located near the quasi-three-
fold axes. These observations were consistent with earlier described structural models for this 
transition. In addition, they showed that the C-terminus retained a high level of stability due 
to retention of inter-subunit interactions at the two-fold axes. HX dynamics have also been 
probed for the four different VP subunits that comprise the human rhinovirus, HRV14.332 In-
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vestigation into the changes in HX of HRV14 at different deuterium exposure times was made 
and compared with the crystal structure of the individual subunits. They were able to corre-
late regions of slow/fast HX rates with structural elements detailed in the crystal structure, as 
well as with subunit interfaces. 

To date the only known HDX study of the interaction of a ligand with a virus, investigated 
by Ashcroft et al., examined the interaction of RNA with the dimeric Cp (Cp2) that constitutes 
the T = 3 capsid formed by MS2 phage.333 Interaction of the genomic RNA is thought to be 
an essential feature of viral capsid assembly in MS2 phage. Their previous work, using MS, 
NMR and size exclusion chromatography, identified a conformation switch in Cp2 upon RNA 
binding whereby the symmetrical Cp2 structure became asymmetrical upon RNA binding. To 
further probe this conformational switch they compared the HD exchange profiles of free Cp2 
with RNA-bound Cp2. They observed many regions that did not change significantly between 
the two states, and as expected a distinct increase in protection at the RNA binding epitope in 
RNA-bound Cp2. Of increased significance, and consistent with a mechanism of dynamic al-
lostery upon binding, they identified regions distinct from the binding site that differed in HX 
kinetics between the two states. Interestingly, they showed a reduced deuterium uptake in 
RNA-bound Cp2 in the region identified by NMR as likely responsible for the conformational 
switch. In addition, they also observed EX1-type behaviour in the C-terminus of Cp2, that was 
not observed for RNA-bound Cp2, suggesting stabilisation of this region upon RNA binding. 

While limited in the number of studies undertaken, those published have indicated the huge 
potential of this methodology for exploring viral structure, probing viral-associated processes 
and the interaction of ligands with viruses.

4. Scope of this thesis

The scope of this thesis examines two different viral systems to explore specific aspects of 
the dynamics of viruses; firstly the dynamics of a self-assembling virus-like particle (VLP) 
that has the potential as a chimeric vaccine and secondly, the dynamics of the interaction of 
viruses with antibodies.

A potential antiviral, the P particle consists of the antigenic domain of the norovirus (NV), 
which self assembles to form VLPs consisting of 24 monomeric units, the 24-mer (Section 
1.5.1). The use of VLPs as a vaccine has already been demonstrated for HBV and HPV (Sec-
tion 1.4). Furthermore, the P particle has shown potential as a chimeric VLP and with multiple 
domains for viral antigen incorporation, an efficacy far superior to the corresponding subunit 
vaccine can be achieved (Section 1.5.1). We set out to characterise the stability and dynamics 
of P particle formation, a key factor that would require examination for its in vivo use as an an-
tiviral. Since the presence of cysteine residues at either termini of the P domain construct has 
been shown to stabilise the P particle through formation of inter-subunit disulphide bonds 
(Section 1.5.1), we examined the effect of a reducing environment on P particle stability and 
HBGA binding activity (Chapter 2). 

Acute liver failure (ALF) is a rare but severe form of HBV infection, the mechanisms of which 
are largely unknown. In a recent study of two ALF cases in Italy, the diseased liver tissue was 
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shown to cause a massive B-cell response and produce large amounts of IgG and IgM anti-
bodies specific to HBcAg.334 Using RNA extracted from the infected patient and phage display 
technology, they were able to select specific anti-HBcAg Fab clones, the most abundant and 
of highest affinity was E1 (Fab E1). It was suggested that formation of the HBcAg-antibody 
complex on the surface of hepatocyes results in the activation of classical complement path-
way and massive liver necrosis. Other studies have indicated that HBcAg is also expressed 
on the liver cell membrane in patients with chronic HBcAg infection.335,336 The significance 
of this antibody in chronic HBV infection and are current limited knowledge of ALF, led us 
to investigate the interaction of HBcAg with Fab E1. Characterisation by cryo-EM of in vitro 
Fab E1 decorated capsids localised the binding to the side of the spike in a region where no 
epitope had previously been characterised.100 We set out to monitor the dynamics of the bind-
ing interaction using an approach of HDX-MS. This approach has not previously been used 
for the characterisation of viral-antibody interactions of such large immune complexes, hence 
we also applied it to study the dynamics of binding Fab 3120 to HBcAg, an antibody that has 
a very different binding epitope on HBcAg compared to Fab E1 (Chapter 3).

Much of our current knowledge of the interaction of antibodies with HBcAg results from the 
characterisation of HBcAg-antibody complexes by cryo-EM, demonstrating that epitopes on 
HBcAg are either located near the spike apices (historically termed, the ‘α-determinant’) or in 
the ‘floor’ regions between the spikes (the ‘β-determinant’) (Section 1.5.2). Furthermore, cryo-
EM identified pronounced variations in binding affinity between different quasi-equivalent 
epitopes (Section 1.5.2). As previously mentioned Fab 3120 distinctly binds to HBcAg in the 
‘floor’ region between two spikes requiring two adjacent dimers for its epitope and hence 
detecting the β-epitope.97 Although derived from murine monoclonal, examples of antibodies 
binding to the β-epitope have also been identified in humans infected with HBV.102 Fab 3120 
binding to the different capsid morphologies T = 3 and T = 4 is significantly different as a result 
of quasi-equivalent variations in the epitopes.97 While, Cryo-EM can provide detailed infor-
mation on the interaction of viruses with antibodies, it is both time-consuming and provides 
very little information regarding the dynamics of the interaction. The aim of this work was 
to develop a methodology that could rapidly characterise the interaction of these very large 
immune complexes. More importantly, a methodology that could monitor the concentration-
dependant binding process of a heterogeneous mixture of capsid morphologies, T = 3 and 
T = 4, in which interaction with the antibody was significantly differently for the two types 
of capsids. The approach we chose to examine was the use of two different techniques that 
were similar in their mode of ion generation by ESI, but differed substantially in their mode 
of separation; native MS and GEMMA. Furthermore, we used this approach to explore the 
binding of a second antibody, Fab E1, the binding of which is directed at the α-determinant 
(Chapter 4).

The e-antigen (eAg) is a non-particulate form of HBV that does not appear to play a role in 
either infection or viral replication,337,338 instead to have an immunoregulatory function in pro-
moting viral persistence339 (Section 1.5.2). Although the role of eAg in activating the immune 
system at different stages of acute and chronic infection are only partially understood,87,340 

its high evolutionary conservation in the Hepadnaviridae family suggests the importance of 
its function.67 Whilst the eAg monomer shares a high degree of sequence similarity to cAg, 
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only differing from the HBV truncated Cp (Cp149) by the additional ten N-terminal residues 
(the propeptide), the recent crystal structure of the eAg dimer76 has shown it to occupy a 
distinct conformation compared to the Cp dimer (cAg). Although the folds of the monomer 
are essentially the same, the presence of the propeptide in eAg allows for the formation of an 
intramolecular disulphide bond between C(-7) and C61, likely preventing eAg from forming 
a cAg-like structure. This difference in conformation between cAg and eAg is the probable 
basis for the profound differences in the properties of the two species. Significantly, whilst 
eAg does not form capsids, in vitro reduction of the intramolecular disulphide bond enables 
the  (hampered) formation of capsids.76,78,80 Furthermore, whereas the melting temperature of 
eAg has been shown to be 14°C lower than cAg, the melting temperature of reduced eAg is 
more similar to cAg.80 This implies that disruption of the intramolecular disulphide bond to 
form reduced eAg may enable it to adopt a cAg-like conformation, moreover, that its struc-
ture must be highly dynamic. To further understand the dynamic nature of these three closely 
related species and investigate the role of the intramolecular disulphide bond in stabilising 
eAg structure, we used an approach of HDX-MS. We monitored the HX dynamics of both cAg 
and eAg and compared this to the HX dynamics of fully reduced eAg, thereby allowing for 
greater insight into the structure of reduced eAg. Additionally, we compared the conforma-
tional flexibility of unassembled cAg with cAg in assembled capsids (Chapter 5). 
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Abstract

Expression of the protruding (P) domain of the norovirus capsid protein, in vitro, results in 
the formation of P dimers and larger oligomers, 12-mer and 24-mer P particles.  All these P 
complexes retain the authentic antigenicity and carbohydrate-binding function of the nor-
ovirus capsid. They have been used as tools to study norovirus-host interactions, and the 
24-mer P particle has been proposed as a vaccine and vaccine platform against norovirus 
and other pathogens. In view of their pharmaceutical interest it is important to characterise 
the structure, stability and dynamics of these protein complexes. Here we use a native mass 
spectrometric approach. We analyse the P particles under both non-reducing and reducing 
conditions, as it is known that the macromolecular assemblies are stabilised by inter-subunit 
disulphide bonding. A novel 18-mer complex is identified, and we show that under reduc-
ing conditions the 24-mer dissociates into P dimers that reassemble into the 12-mer small P 
particle and another novel 36-mer complex. The collisional cross-sections of the 12-mer and 
24-mer P particles determined by ion mobility MS are in good agreement with theoretical 
predictions and previous electron microscopy data. We propose a model structure for the 18-
mer based on ion mobility experiments. Our results demonstrate the interchangeable nature 
and dynamic relationship of all P domain complexes and confirm their binding activity to the 
host receptors- human histo blood group antigens (HBGAs). These findings, together with the 
identification of the 18-mer and 36-mer P complexes add new information to the intriguing 
interactions of the norovirus P domain.

Introduction

Noroviruses are the major viral pathogens leading to acute gastroenteritis, which cause more 
than one million hospitalisations and 200,000 deaths annually in developing countries.1 The 
noroviruses are a group of single-stranded, positive sense RNA viruses that belong to the 
highly diverse family of Caliciviridae.2 The noroviral capsid is composed of a major structural 
capsid protein, VP1.3 The viruses are difficult to study due to the lack of an in vitro cell culture 
system or a suitable animal model. Most of our knowledge in the context of virus structure, 
virus-host interaction and host immune responses to the norovirus, has come from recombi-
nant virus-like particles (VLPs) expressed in insect cells through a recombinant baculovirus.4-6 
Norovirus VLPs have been shown to be morphologically and antigenically indistinguishable 
from the authentic viral capsid,7 forming T = 3 capsids composed of 90 VP1 dimers.8

The capsid protein consists of two major domains; the shell (S) and the protruding (P) do-
main, which are linked together by a short flexible hinge.8 The S domain is involved in icosa-
hedral shell formation, whilst the P domain forms the arch-like dimeric structure that extends 
from the shell. The P domain can be further divided into two subdomains; P1 and P2 (Figure 
1). The P1 subdomain forms the leg of the P dimer connecting it to the S domain, while the 
P2 subdomain is located on the outermost surface8 and involved in binding of norovirus to 
their host receptors- human histo blood group antigens (HBGAs). This has been confirmed by 
several crystallographic and mutagenesis analyses.9-17

In vitro expression of solely the P domain, but with different terminal modifications, forms  
three structurally distinct complexes; the P dimer,10,13-16,18 the 12-mer small P particle19 and the 
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24-mer P particle20,21 (Figure 1). The recombinant P dimer retains the structure of the P dimer 
of the authentic virus, and is the basic subunit of both the 12-mer and the 24-mer P particles. 
All of the three macromolecular complexes retain the binding function to HBGAs. Further 
study of the 12-mer and the 24-mer P particles by cryo-electron microscopy (EM) revealed a 
tetrahedral and octahedral symmetry, respectively.19,21 In addition, these studies demonstrat-
ed that a cysteine-containing peptide fused to either end of the P domain stabilised P particle 
formation through inter-dimer disulphide bonds.19,20 In contrast, deletion of the C-terminal 
arginine cluster prevented P particle formation.22 

It has been noted that a large amount of native P domain proteins exist in the stool of norovi-
rus-infected patients, suggesting that these isolated P proteins may have an unknown func-
tion in the pathogenesis and/or replication of noroviruses.22-24 Owing to their ease of produc-
tion, the 24-mer P particles have been utilised as tools for extensive mutagenesis studies11-13,15 

and phenotypic characterisation of noroviruses.25 Since P particles are composed of the same 
surface antigens as the norovirus, they have the potential to become a promising vaccine 
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S

P1
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Figure 1: Formation of P particles from the norovirus P domain. (a) The dimeric norovirus capsid protein VP1 
consists of an S domain and a P domain, with the P domain divided into two subdomains; P1 and P2. Assembly of 
90 dimeric VP1 subunits forms the intact norovirus capsid. In vitro expression of the isolated P domain leads to the 
formation of the P dimer18 that can further assemble into the 12-mer small P particle 19 and 24-mer P particle 21. (b) 
Schematic to show the dimerisation of two P domains to form the P dimer which under non-reducing conditions 
forms the 24-mer P particle (4-fold view is shown) that can be stabilised by interdimer disulphide bonds. Addition 
of DTT induces cleavage of disulphide bonds to form reduced P particle.
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against noroviruses.21,26 Furthermore, they have been proposed as a platform for antigen pres-
entation for novel vaccine development against  a broader range of pathogens beyond just the 
norovirus.26

The stability of the P particles is largely due to inter-subunit disulfide bonds (Figure 1b). As 
for the potential pharmaceutical applications of P particles it is imperative to evaluate the 
stability, composition and structure of P domain complexes under both reducing and non-
reducing conditions. Here we used a native ion mobility mass spectrometric approach. Native 
mass spectrometry has emerged as a valuable technique for protein complex characterisation 
in terms of molecular weights, stoichiometry and protein complex structures. Application of 
this methodology to a wide variety of challenging projects, including viral particles,27-29 het-
erogeneous protein assemblies30,31 and membrane bound protein assemblies,32 has indicated 
that many aspects of the topology of large non-covalent protein complexes can be preserved 
in the gas phase. 

Using mass spectrometry we identified and structurally characterised two novel, highly 
abundant, P particles, an 18-mer and 36-mer, in addition to the previously described P dimer, 
12-mer and 24-mer P particles. We provide novel insights into the dynamic relationship exist-
ing between these five P domain complexes and show how their equilibrium can be manipu-
lated under non-reducing conditions. In addition, we correlate our structural results with 
their HBGA binding activities. Our findings provide new information to better understand 
the complicated interactions within the norovirus P domain. 

Materials and methods

Preparation of P particles for ESI-MS analysis. Native ESI-MS measurements were car-
ried out using P particles from norovirus strain VA387 (GII.4) expressed in E.coli using 
the vector pGEX-4T-1 and purified as described previously.18,20,22 Briefly, expression was 
conducted at room temperature overnight after induction with 0.25 mM isopropyl-β-D-
thiogalactopyranoside (IPTG). Purification of the recombinant GST-P domain fusion protein 
was carried out using Glutathione Sepharose 4 Fast Flow (GE Healthcare Life Sciences, Pis-
cataway, NJ) according to the manufacturer’s instructions. The P domain proteins were re-
leased from GST by thrombin (GE Healthcare Life Sciences) cleavage at room temperature for 
16 h. Further purification was carried out using gel-filtration chromatography as previously 
described.18,20,22 This resulted in a 1 µg/µl solution of P particle in phosphate buffer saline 
(PBS) solution, at pH 7.4. For ESI-MS analysis, the P particles were exchanged into an aqueous 
ammonium acetate buffer (100 mM) at pH 7.4 using an Amicon Ultra 0.5 mL centrifugal filter 
(Millipore, Billerica, MA) with a molecular weight cutoff of 10 kDa. The pH of the aqueous 
ammonium acetate solution was adjusted using an aqueous ammonia solution. Reduction of 
buffer exchanged P particles was carried out by overnight incubation at 22⁰C with 1 mM dithi-
othreitol (DTT). The resulting solution was analysed by ESI-MS.

Mass spectrometry. High resolution (tandem) mass spectra were recorded on a modified 
Q-ToF II instrument (Waters, Manchester, UK) in positive ion mode.33 For collision induced 
dissociation of the P particle assemblies, xenon at a pressure of 0.002 mbar was used in the 
collision cell.34 Voltages and pressures were optimised for large non-covalent protein com-
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plexes.35,36 Briefly, the capillary and cone voltages were kept constant at 1.4 kV and 80 V, re-
spectively. The voltage before the collision cell (collision energy) was varied between 50-400 
V for MS/MS analysis, but at a constant 50 V for MS analysis. Ions were introduced into the 
source at an increased pressure of 10 mbar. Calibration of the instrument was carried out us-
ing a solution of 25 mg/mL cesium iodide. Masses were calculated and averaged for all ion 
signals detected for any given charge state distribution. The relative percentage standard de-
viation was calculated by the deviation of each mass, for a given charge state across the charge 
state distribution, from the average mass. The relative abundance of the P particle complexes 
was determined by comparing the signal intensity of the most abundant ion in the distribu-
tion corresponding to a given complex, with that of the most abundant ion in the distributions 
of the other complexes.

Ion mobility (IM) measurements were performed on a Synapt HDMS G1 (Waters, Manches-
ter, UK).37,38 Generation of gas phase ions from native protein solution was achieved using a 
capillary voltage of 1.4 kV, cone voltage of 100 V and source pressure of 6 mbar. Argon was 
used as background gas in both the trap and transfer T-Wave cells at a flow rate of 3 mL/min 
with applied collision voltages of 10 V and 12 V, respectively. Nitrogen was used in the ion 
mobility (IM) cell for separation of ions by their mobility at a flow rate of 25 mL/min, a ve-
locity of 250 m/sec and ramped waveheight of 6-19 V. Collisional cross-sections (CSSs) were 
determined using the experimentally measured IM drift times and through calibration using 
proteins of known cross sections39 as described previously.40,27 Reported CCS values are an 
average of the measurements across the charge state distribution for a given oligomeric spe-
cies. Lower charge states were included where effects of unfolding would be minimal. The 
measurements were repeated at least twice for each oligomer. Variation in the experimental 
CCSs for multiple measurements was found to have an upper limit of 5.5 % (Table S1) and 
is consistent with errors for previously published IMMS data.41,42 ESI tips were prepared in 
house from borosilicate glass tubes of 1.2 mm (outer diameter) by 0.68 mm (inner diameter) 
(World Precision Instruments, Sarasota, FL) using a P-97 micropipette puller (Sutter Instru-
ments, Novato, CA). The ESI tips were gold coated using a Scancoat six Pirani 501 sputter 
coater (Edwards Laboratories, Milpitas, CA).

Theoretical CCSs for the P particles were calculated using the program MOBCAL and two 
types of algorithms, the project approximation (PA) method and the exact hard sphere scat-
tering method (EHSS) (Table S2). The projection approximation (PA) algorithm averages geo-
metric projection areas over all possible orientations, whereas the exact hard sphere scattering 
(EHSS) algorithm takes into account scattering and the collision process. It is well known that 
EHHS overestimates CCSs whereas PA underestimates CCSs,43,44 which is consistent with our 
data (Figure 6b and Figure S3). However, extensive modelling results have indicated a direct 
correlation between the two.42,45-47 The geometries of the oligomers used to generate previ-
ously uncharacterised P particle structures were generated using the PDB file of the crystal 
structure of the P dimer of VA387 (GII.4) (2OBR)10 and the program PyMOL.48

HBGA binding assay. The previously described binding assay procedure49 was modified to 
measure the binding property of the P particle in a reducing environment. Briefly, the diluted 
saliva samples with defined HBGA phenotypes, were coated to 96-well plates overnight at 
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4⁰C. Reduction of P particles was carried out by overnight incubation at 22⁰C with dithiothrei-
tol (DTT) at a given concentration (0, 0.25, 1, and 4 mM), before they were incubated with 
the coated saliva. The saliva-bound P particles were detected by a homemade rabbit anti-
norovirus VLP antiserum, followed by incubation with a secondary HRP-conjugated goat 
anti-rabbit IgG (ICN, Aurora, OH). To compare the binding activities of the DTT-treated and 
untreated P particles the lowest protein concentration of the P particle that was able to pro-
duce a binding signal (optical density, OD450) of >0.1, was determined using an end-point 
dilution method.

Results

P particle stoichiometry and stability under non-reducing conditions. Examination of P par-
ticle stoichiometry and stability under non-reducing conditions identified two species; one 
corresponding to a charge-state distribution centred around m/z 13,000 Da, and the other to a 
charge-state distribution centred around m/z 11,500 Da (Figure 2a). From these distributions 
and the molecular weight (Mw) of the P domain monomer, we were able to identify these spe-
cies as corresponding to the 24-mer (intact P particle) and the 18-mer, respectively. 

The 24-mer was found to have an experimentally determined Mw of 877,674 Da ± 878 Da (1% 
deviation from theoretical Mw), and the 18-mer 657,051 Da ± 788 Da (1.2% deviation from 
theoretical Mw) (Table 1). The difference in experimental Mw compared to theoretical Mw 
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Figure 2: Native ESI-MS analysis of P particles. (a) Mass spectrum corresponding to 1 µM P particle in 100 mM 
ammonium acetate, pH 7.4 under non-reducing (NR) conditions. The 24-mer P particle and an undefined 18-mer 
P domain complex were observed. (b) Mass spectrum corresponding to 1 µM P particle in 100 mM ammonium 
acetate, pH 7.4 under reducing (R) conditions. The different P domain complexes observed included; P dimer, 12-
mer, 18-mer, 24-mer, and 36-mer. In addition, dimeric GST, GST-bound P dimer and GST-bound 36-mer were 
also observed.
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is consistent with observations that ESI of large protein complexes may be accompanied by 
incomplete removal of solvent and/or buffer molecules, thus causing an increase in mass com-
pared to the theoretical mass.50,51 With regard to the relative abundance of these two species, 
the 18-mer is a minor component of the mixture with respect to the 24-mer and an average 
relative ratio of the 24-mer to 18-mer was found to be about 5:1. 

To further probe the stability and structure of both the intact 24-mer and the 18-mer species, 
solution phase and gas phase perturbation techniques were employed. In the gas phase, col-
lision induced dissociation (CID) or tandem MS (MS/MS) is achieved by acceleration of the 
electrosprayed ions into a collision cell containing an inert gas. Subsequent collisions increase 
the internal energy of the precursor ion leading to dissociation. MS/MS of both the 24-mer 
and 18-mer led to limited amounts of dissociation even at the highest collision voltages (up 
to 400 V) (Figure S1 (18-mer)). Likewise, solution phase perturbation methods, that included 
changes in ionic strength and pH, did not identify the presence of additional oligomeric spe-
cies nor significantly alter the ratio of 24-mer to 18-mer (data not shown), indicating that both 
complexes represent stable forms of P particles under non-reduced conditions. 

P particle stoichiometry and stability under reducing conditions. To examine the stoichi-
ometry and stability of the P particle under reducing conditions we subjected the P particle to 
disulphide bond reduction via overnight incubation at room temperature with dithiothreitol 
(DTT). Subsequent ESI-MS analysis of the reduced P particle showed the formation of new P 
domain complexes (Figure 2b; Table 1). The highly stable form of the P domain, the P dimer, 
is now clearly observed where under non-reducing conditions it was absent. Consistent with 
the high stability of the P dimer, no P monomer was observed. As described for non-reducing 
conditions the 18-mer was identified. Two further P domain complexes were also observed; 
a 12-mer and a 36-mer. In addition, glutathione S-transferase (GST) as its stable form of a ho-
modimer, and GST bound to the P dimer, were identified.

Both the 18-mer and 36-mer P particles represent new species that have previously not been 
described. In order to confirm their composition we subjected the macromolecular complexes 
to MS/MS analysis. All oligomers dissociated via the generally accepted mechanism where-
by monomers are successively removed from the intact protein complex52 leading to highly 
charged monomers and lower ‘charged stripped complexes’.53 Figure 3a illustrates the tan-
dem MS of reduced 24-mer, confirming the stoichiometry. 

Oligomer NR Expt. Mw & 
STDEV/ Da

R Expt. Mw & 
STDEV/ Da

(GST)2 52,463 ± 31
Dimer 72,560 ± 22

Dimer+2(GST) 124,870 ± 37
12-mer 436,734 ± 524
18-mer 657,051 ± 788 656,423 ± 394
24-mer 877,674 ± 878 877,659 ± 702

36-mer+2(GST) 1,361,587 ± 1089

Table 1: ESI-MS experi-
mentally (expt.) determined 
molecular weights (Mw) 
and standard deviations 
(STDEV) for non-reduced 
(NR) and reduced (R) P par-
ticles.
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The +63 charge state at m/z 13,800 was isolated and subjected to CID at a collision voltage of 
260 V leading to the sequential loss of monomers to produce the 23-mer and 22-mer (Table 
2). Reduced 12-mer and 18-mer dissociated in a similar manner (Figure S2 (12-mer), Table 2). 
Also the dissociation behavior of the 36-mer is comparable. In this case isolation of the +77 
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Figure 3: Confirmation of P domain stoichiometry. (a) Tandem mass spectrum corresponding to CID of reduced 
24-mer precursor ion m/z 13,800.2 Da (+63) using a collision voltage of 260 V. Dissociation of the isolated precursor 
ion forms the monomer and the 23-mer and 22-mer. (b) Tandem mass spectrum corresponding to CID of precur-
sor ions m/z 17,602.6 Da (+77) and 17,392.2 Da (+81) corresponding to 36-mer + 2(GST) and 36-mer + 4(GST) 
respectively, using a collision voltage of 255 V. Ions indicated with  ∆ correspond to dissociation products of 36-mer 
+ 4(GST). Dissociation of the isolated precursor ion forms the monomer and GST-bound 35-mer and 34-mer.
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charge state at m/z 17,603 subjected to a collision voltage of 200 V led to the sequential loss of 
monomers to produce 35-mer and 34-mer-type species (Figure 3b). Unlike the other P domain 
complexes, the MS/MS data revealed the exclusive presence of GST-bound to the 36-mer, 
along with its dissociated GST-bound oligomers. Comparison of the experimentally derived 
Mw with the theoretical Mw allows us to conclude that the 36-mer is not only present bound 
to two GST proteins but also bound to four GST proteins (Figure 3b, Table 2). Evidence of this 
latter complex is confirmed by the additional precursor ion that is observed upon desolvation 
of isolated precursor ion. This ion at m/z 17,392, thus corresponds to the +81 charge state of the 
36-mer bound to four GST proteins. 

Besides the stoichiometric information that can be obtained from MS/MS experiments, com-
parison of the extent of gas phase dissociation for a given oligomer under non-reducing and 
reducing conditions also allows for information pertaining to the relative stability of these 
complexes. With respect to the non-reduced 24-mer and 18-mer species, increased dissocia-
tion for a given charge state at the same collision energy was observed under reducing condi-
tions (Figure S1 (non-reduced and reduced 18-mer)). The difference in the extent of dissocia-
tion at a given collision energy for the 18-mer and 24-mer confirms that these species have 
both undergone some level of disulphide bond reduction.

The effect of pH and DTT concentration on P domain complexes. To further explore the 
influence of reduction on the P domain complexes a series of experiments with varying DTT 
concentrations were performed. Experiments at higher DTT concentrations (4 mM) showed a 
further decrease in the abundance of reduced 24-mer and a corresponding increase in abun-
dance of the reduced P dimer (Figure 4b). Hence, it is likely that under the DTT conditions 
used in this study (1 mM) not all the 18-mer and 24-mer are completely reduced, which is 
also consistent with the presence of non-dissociating precursor ions even at high CID colli-
sion voltages. The equilibrium between P particles could also be manipulated under reducing 

Reduced P parti-
cle and Precursor 

Ion m/z/ Da

Charge Monomer                     
Expt. Mw & 
STDEV/ Da

Charge Reduced 
Species

Charge Reduced 
Species Expt. Mw 

& STDEV/ Da
12-mer
9451.80

46 36,226 ± 7 11-mer 398,418 ± 239

18-mer
11,427.38

57 36,194 ± 11 17-mer 615,084 ± 308

24-mer
13,800.20

63 36,186 ± 7 23-mer
22-mer

833,072 ± 250
797,057 ± 478

36-mer + 2(GST)
17,602.57

36-mer + 4(GST)
17,392.18

77

81

36,182 ± 7 35-mer + 2(GST)
35-mer + 4(GST) 

34-mer + 2(GST) 
34-mer + 4(GST)

1,319,832 ± 528 
1,371,356 ± 274

1,283,280 ± 385 
1,336,058 ± 267

Table 2: Tandem MS to determine the stoichiometry of reduced P particles. The table illustrates the resulting 
dissociation products (monomer and ‘charge reduced species’) upon CID of a single precursor ion corresponding 
to each of the observed reduced P particles.  The experimentally (expt.) derived molecular weights (Mw) and their 
standard deviation (STDEV) are detailed for each of the dissociation products.
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conditions by changing the solution pH. It appeared that increased disassembly of the 24-mer 
P particles into dimers could be trigged by increasing the solution pH (Figure 4a). 

A direct correlation between reduction in the reduced 24-mer abundance and an increase 
in reduced P dimer abundance was observed, with the 18-mer abundance remaining fairly 
constant. Similarly, there was a correlation between the abundance of 12-mer and 36-mer. An 
increase in reduced 12-mer is identified at the cost of reduced 36-mer intensity and vice versa. 
These data revealed a dynamic interchange among these five different P domain complexes.

The effect of DTT on the binding of P particles to HBGAs. Data indicating that DTT regulat-
ed the equilibrium between the P domain complexes (Figure 4b), prompted us to explore the 
effect of DTT treatment on the binding activity of the P particle. Previous studies demonstrat-
ed different HBGA binding for the three known P domain complexes, in which the 24-mer, 
12-mer and dimer showed high, modest high and medium binding activity, respectively.18,54,55 

After incubation with 0, 0.25, 1, and 4 mM DTT overnight, the P particle solution was used to 
perform binding assays (Figure 5). 

The untreated P particles revealed a lowest concentration of 2.3 ng/ml, that was able to pro-
duce a binding signal of >0.1 (0 mM DTT). An equal binding signal was determined for the 
DTT-treated P particles and found to be at significantly higher protein concentrations, 4.7 ng/
ml at 0.25 mM DTT, and 9.3 ng/ml at DTT concentrations of 1 mM and 4 mM. Thus, DTT-
treated P particles show a two to four fold decrease in binding activity compared to untreated 
P particles (Figure 5). This reduction in binding activity may be owing to the dissociation of 
the 24-mer P particle through treatment of DTT into the smaller P complexes.  

pH 7.4 pH 8 pH 9 0 mM 0.25 mM 1 mM 4 mM

36-mer

24-mer

18-mer

12-mer

Dimer

(a) (b)

Figure 4: Effect of pH & DTT concentration on the relative abundance of P domain complexes, monitored by ESI-
MS. (a) Reduced P particles at different solution pH’s and a constant ammonium acetate ionic strength of 100 mM. 
Increasing the pH decreases the 24-mer abundance and increases the formation of dimers. (b) P particles subjected 
to different DTT concentrations in 100 mM ammonium acetate and pH 7.4. Under 0 mM DTT conditions (non-
reducing) only the 24-mer and 18-mer are present. Increasing the concentration of DTT increases the abundance of 
dimers relative to the 24-mer.
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Ion Mobility Mass Spectrometry (IMMS). For further structural characterisation of the P 
domain complexes we used IMMS, which allows for the separation of ions as they migrate 
through a neutral buffer gas under the influence of a weak electric field. Their rate of migra-
tion (drift time), is related to their size, shape and charge.47 The experimentally determined 
drift time is then converted to a rotationally averaged collisional cross-section (CCS), and by 
comparison with computationally calculated CCSs information pertaining to the conforma-
tion and topology of protein complexes can be inferred.47 IMMS of reduced P domain com-
plexes showed drift time separation for the individual charge states corresponding to each P 
domain oligomer and can be visualised in the form of a heat map whereby the colour intensity 
represents the signal amplitude (Figure 6a). From this data there appears to be a near linear 
correlation between  the masses of the complexes and their CCS, suggesting that the differ-
ent P particles adopt similar geometry structures42 (Figure 6b, see discussion). Likely, the 12-, 
18-, 24- and 36-mer adopt a structure with a central cavity, since the CCS of a compact closed 
structure would be smaller than we observed experimentally (see, for example, the globular 
association of dimers to construct the 36-mer (Figure 6c)). 

Figure 5: Binding of DTT-treated P particles to saliva samples with known HBGAs. P particles were treated with 
DTT at given concentrations (0, 0.25, 1, 4 mM) in saline phosphate buffer (pH 7.4) overnight, before they were used 
for binding assays. The Y-axis indicates the signal intensity (OD450), and the X-axis shows P particle concentra-
tions (ng/ml) for a 2-fold dilution series that was used for the assays. A binding cutoff of 0.1 is shown by dashed 
lines.  The end-point dilutions of the P particle that produced a binding signal of >0.1 are indicated by arrows. A, 
and B represent the saliva samples of types A and B secretor, while N represents the saliva of non-secretor. All data 
shown in this figure were averages of triplicate experiments.
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Figure 6: Determination of the size and shape of P particles by IMMS. (a) IMMS of 1 µM P particle in 100 mM 
ammonium acetate, pH 7.4 under reducing conditions. The different IM drift times (msec) for each ion (m/z) in the 
oligomeric distribution of a given P domain oligomer can be visualised in terms of an IMMS heat map.  The signal 
amplitude is colour coded, increasing from blue (low intensity) to red (high intensity). (b) A plot of the calibrated 
CCS (nm2) for the different P particles (blue line) in which the green circles represent the CCS for non-reduced 
P particles, and the blue circles represent the CCS for reduced P particles. Theoretically calculated CCSs using 
the EHSS algorithm (orange line) are also indicated with proposed structures for the 12-mer, 18-mer and 24-mer 
oligomers. (c) Multiple structures for the 36-mer are shown whereby; A corresponds to a globular association of di-
mers, B corresponds to two 18-mer’s, C corresponds to three 12-mers and D corresponds to a 24-mer and a 12-mer. 
EHHS calculated theoretical CCSs are stated, and the box indicates the structures that have a theoretical CCS in 
close agreement with the experimentally derived CCS.
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Discussion and conclusion

In this study we provide evidence that norovirus P domain is able to form five different com-
plexes that are interchangeable, and whose dynamic equilibrium can be regulated by a reduc-
ing environment. Whilst identification of the 24-mer is consistent with previous reports,21 the 
18-mer complex was found to co-exist with the 24-mer P particle and represents a new struc-
tural oligomeric species formed under the same expression conditions as the intact P particle. 
It has been hypothesised that the 24-mer is built from a dimeric building unit due to the high 
propensity of the P monomer to dimerise in solution.20 Identification of the 18-mer appears to 
confirm this general hypothesis. Under non-reducing conditions both oligomeric P complexes 
are shown to be highly stable, likely afforded by the presence of disulphide bonding.

Using DTT we were able to disrupt the inter-subunit disulphide bridges within the P particle 
construct and observe the formation of a range of different P domain complexes. Whilst the 
12-mer has previously been observed via a complicated mutagenesis strategy,19 here we show 
that it can directly be formed by subjecting the 24-mer to a reducing environment. Interest-
ingly, a 36-mer, another new P domain complex found in this study, also formed as a result 
of disassembly of the 24-mer P particle. Using tandem MS analysis we determine a reduced 
stability of the 18-mer and 24-mer P particles with respect to their corresponding non-reduced 
counter parts. Unlike the other P domain complexes the 36-mer is present, exclusively, as a 
GST-containing complex. The GST contaminant must be from the GST Gene Fusion System 
(GE Healthcare, Life Sciences) that was used for production of the P protein. Whilst the obser-
vation of GST-containing 36-mer P particles was incidental, it indicates a necessity for further 
purification of the P particle before it can be used as a vaccine. 

Using solution phase methods for structural perturbation, the equilibrium among the oligo-
meric species under non-reducing conditions can be manipulated. Increasing the DTT concen-
tration is an effective method of further driving the disassembly of the 24-mer to dimer (Fig-
ure 4b), as is increasing the solution pH (Figure 4a). These data reveal a dynamic relationship 
among the various P domain oligomers, whereby the dimer abundance increases at the cost of 
the 24-mer at higher pH, and in which the 12-mer and 36-mer appear to be in equilibrium. All 
together, these trends suggest that the 24-mer disassembles into dimers, with the subsequent 
assembly of dimers into 12-mers and 36-mer P particles. Consistent with these observations, 
the binding activities of the DTT-treated P particles resulted in a modest decrease compared 
to non DTT treated P particles. This can be explained by the fact that DTT treatment increases 
the proportion of the P dimer and 12-mer small P particle, whose binding activities have been 
shown to be lower than the 24-mer P particle.54  However, we need to keep in mind that the 
newly identified 18-mer and 36-mer were also present in the DTT-treated P particles and the 
binding properties of these two new P domain complexes have yet to be defined.

IMMS allowed the two dimensional separation of P particles under both non-reducing and 
reducing environments.  Comparing the CCSs of the non-reduced and reduced 24-mer and 
18-mer, we found no significant difference. With respect to the structure of the 18-mer, this 
structure can be explained by the loss of 3 P-dimers from the 24-mer and since we do not 
observe a CCS lower than would be predicted from the 12-mer and 24-mer, we can be confi-
dent that the structure does not collapse under dimer loss, nor does it significantly unfold. If 
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we model the 18-mer with a double tetrahedron structure, theoretical CCS predictions using 
both algorithms predict a CCS lower than the experimentally derived CCS thus making this 
an unlikely structure. To further explore the topology of these macromolecular assemblies 
we compared experimental CCSs with theoretical CCSs.  The available crystal structure of 
P dimer (PDB ID: 2OBR)10 was used for theoretical structure predictions using the software 
PyMOL.48 Comparison of our experimentally derived CCSs with those from theoretical pre-
dictions showed a similar trend between increasing oligomeric Mw and CCS (Figure 6b). This 
provides us with a reasonable level of confidence that the proposed theoretical structures ap-
proximate what we observe in the gas phase.  

In absence of prior symmetry knowledge we postulate several different structures for the 36-
mer P particle, based on the assembly of the lower mass oligomers observed under reduced 
conditions; (A) a compact association of P dimers, (B) assembly of two 18-mers, (C) assembly 
of three 12-mers and (D) an assembly of a 24-mer and an 12-mer (Figure 6c). The very low 
theoretical CCS for the globular structure (A) makes this structure highly unlikely. Likewise, 
structure (B) has a CCS significantly lower in comparison to the linear relationship between 
the CCS and Mw of the P domain complex, observed both in the theoretical predictions and 
our experimental data. In contrast, both structures (C) and (D) show a theoretical CCS con-
sistent with the observed linear trend. In addition, structure C and D are assembled from a 
12-mer which is consistent with the correlation between reduced 36-mer and reduced 12-
mer abundance upon increasing pH (Figure 4a).  However, both these structures ignore the 
symmetry elements that are so predominant in the structures of the 12-mer and 24-mer. One 
key difference between the 36-mer and all other P domain oligomers is the presence of GST. 
Hence, further methodologies would need to be employed to accurately define the 36-mer 
structure and identify the location of GST binding.

In this study we explored aspects of P particle structure that would be biologically relevant 
to their potential use as a vaccine against noroviruses and as vaccine platform for antigen 
presentation against other pathogens. Importantly, we monitored the effect of reducing con-
ditions of the stability of the P particle and subsequent formation of new oligomeric species 
as these represent conditions that would very likely be encountered in vivo if the P particle 
is developed into vaccine and vaccine platform. Since our data showed that the presence of 
residual GST during P domain expression has a significant effect on the oligomers formed un-
der reducing conditions, a more efficient purification strategy would need to be developed to 
remove this source of contamination. The work detailed here provides an initial exploration 
into one of many potential issues that would need to be addressed as part of a wider study to 
assess its suitability as a therapeutic approach.
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Abstract

Infection of humans by hepatitis B virus (HBV) induces the copious production of antibodies 
directed against the capsid protein (Cp). A large variety of anti-capsid antibodies have been 
identified that differ in their epitopes. These data, and the status of the capsid as a major clini-
cal antigen, motivate studies to achieve a more detailed understanding of their interactions. 
In this study, we focused on the Fab fragments of two monoclonal antibodies, E1 and 3120. 
E1 has been shown to bind to the side of outwards-protruding spikes whereas 3120 binds 
to the “floor” region of the capsid, between spikes. We used hydrogen-deuterium exchange 
coupled to mass spectrometry (HDX-MS) to investigate the effects on HBV capsids of bind-
ing these antibodies. Conventionally, capsids loaded with saturating amounts of Fabs would 
be too massive to be readily amenable to HDX-MS. However, by focusing on the Cp protein, 
we were able to acquire deuterium uptake profiles covering the entire 149-residue sequence 
and reveal, in localized detail, changes in H/D exchange rates accompanying antibody bind-
ing. We find increased protection of the known E1 and 3120 epitopes on the capsid upon 
binding, and show that regions distant from the epitopes are also affected. In particular, the 
α2a helix (residues 24-34) and the mobile C-terminus (residues 141-149) become substantially 
less solvent-exposed. Our data indicate that even at sub-stoichiometric antibody binding an 
overall increase in the rigidity of the capsid is elicited, as well as a general dampening of its 
breathing motions.

Introduction

The structural complexity and dynamic nature of multi-protein assemblies present a major 
challenge to comprehensive characterization. X-ray crystallography and cryo-electron mi-
croscopy provide detailed structural information but little direct insight into dynamic prop-
erties. NMR spectroscopy is more suited to monitoring dynamic structures in solution but is 
limited to relatively small particles. Hydrogen-deuterium exchange (HDX) provides informa-
tion of a dynamic nature that can be assigned to specific regions of the protein.1,2 When used 
in conjunction with mass spectrometry (MS)3 hydrogen-deuterium exchange (HDX-MS) has 
the ability to interrogate complex systems at very low concentrations, providing incisive in-
formation on protein dynamics.4-7 

HDX relies on the exchange of a protein’s hydrogen atoms for a solvent’s deuterium atoms.8,9 

The kinetics of exchange depend on exposure to solvent and hence on an atom’s location in the 
protein and the protein’s conformation and involvement in intramolecular hydrogen bonds; 
pH and temperature also affect the rate of exchange. Although hydrogen atoms involved in 
amino acid side chains are exchangeable, their exchange rates are too fast to be measured by 
MS, whereas amide hydrogen atoms in a protein backbone have exchange rates compatible 
with the timeframe of a MS experiment. In the last decade, HDX-MS has benefited substan-
tially from hardware and software developments, extending its reach beyond the characteri-
zation of small proteins to multi-domain proteins and assemblies including, as in this study, 
antibodies bound to viral capsids. Applications have included: monitoring conformational 
changes induced by ligand-binding;10-16 probing antibody-antigen interactions;17,18 identifica-
tion of protein-protein interfaces;19,20 and protein unfolding/refolding.21-24 Applications to viral 
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processes have included: capsid assembly and maturation of human immunodeficiency virus 
(HIV);25-27 maturation of bacteriophage P22;28 pH-induced transitions in brome mosaic virus 
(BMV);29 and structural analysis  of the human rhinovirus (HRV14).30

In this study, we focus on capsids of hepatitis B virus (HBV) which assemble in two ico-
sahedrally symmetric forms, corresponding to triangulation numbers T = 4 and T = 3 and 
consisting of 240 and 180 subunits, respectively.31 These capsids are known as hepatitis B core 
antigen (HBcAg). The building-blocks are dimers stabilized by an intermolecular four-helix 
bundle formed from two α-helical hairpins.32-34 These bundles protrude as 25 Å-long spikes 
from the contiguous floor of the capsid (Figure 1). The native Cp monomer (Cp183) is 183 
amino acids long and consists of an assembly domain (res. 1-149) (Figure 2a and b) and an 
Arg-rich C-terminal domain (res. 150-183). Many in vitro studies use, as we do here, the as-
sembly domain (Cp149).34-36 

Interaction of HBcAg with ten different monoclonal antibodies has been investigated by cryo-
EM and the epitopes defined.37-43 All but one of them are conformational.  E1 is an especially 
important antibody because of its association with acute liver failure (ALF), the mechanism of 
which is largely unknown.44 However, it has been shown that HBV-induced ALF is character-
ized by an overwhelming B-cell response, overproduction of antibodies and catastrophic liver 
damage.44 Cryo-EM of Fab E1-decorated capsids localized the epitope to two neighbouring 
helical motifs on the hairpin (res. 70-74 and 82-87) on one side of the spike45 (Figure 1). Of 
note, the symmetry-related site on the other side of the spike remained unlabelled. Cryo-EM 
measurements indicated a Fab E1 binding stoichiometry, at saturation, of 36 Fab E1 to the T = 
3 capsid, and 48 Fab E1 to the T = 4 capsid, representing only a 40% occupancy in comparison 
to the number of available spikes.45 In contrast, Fab 3120 binds to the capsid floor, where its 
epitope spans the interface between adjacent dimers, involving a total of five peptides (two 
copies each of two peptides and one copy of a third)46 (Figure 1). At saturation, cryo-EM 
measurements indicated sub-stoichiometric binding of 24 Fab 3120 to the T = 3 capsid, and 72 
Fab 3120 to the T = 4 capsid.46 The sub-stoichiometric nature of both bindings is due in part to 
steric interference effects and in part to quasi-equivalent variations in the epitopes that affect 

T = 4 HBcAg

Fab E1

Fab 3120

Cp149 dimer: Fab E1 
   binding residues

Two Cp149 dimers: Fab 3120 
          binding residues

Figure 1: Interaction of Fab E1 and Fab 3120 with the T = 4 HBcAg capsid. Fab E1 binding residues are located 
near the spike and correspond to a discontinuous epitope (residues 70, 73, 74, 82, 83, 86, 87).45 Fab 3120 binding 
residues correspond to a discontinuous epitope at the floor of the capsid and spans two adjacent dimeric subunits 
(A20-22, A25-29, A126-127 and B 20-22, B 129-132).46 Binding residues are indicated in black.
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the binding affinity.  There may also be allosteric effects transmitted by the first few Fabs to 
bind- an aspect that is addressed further in the present study.

Here we use HDX-MS to further probe the interactions of Fabs E1 and 3120 with HBcAg. We 
show, at peptide level resolution, that several regions of the viral capsid undergo increased 
protection upon Fab binding, allowing us to discuss our data in the context of direct and indi-
rect effects that Fab binding has on HBcAg structure.
 

Materials and methods

Preparation of HBcAg capsids and Fab fragments, and decoration of capsids with Fab. The 
Cp149.3CA consists of residues 1-149 with cysteines at positions 48, 61 and 107 changed to 
alanines. Cp149.3CA dimeric construct (abbreviated to Cp149 dimer) was purified as pre-
viously described.36 Assembly into intact capsids was achieved via buffer exchange into an 
aqueous ammonium acetate buffer (200 mM) at pH 6.8 using an Amicon Ultra 0.5 mL cen-
trifugal filter (Millipore, Billerica, MA) with a molecular weight cut-off of 5 kDa. Expression 
and purification of Fab E1 has been previously described.47 Monoclonal antibody (Fab 3120) 
was purchased from the Institute of Immunology, Tokyo, Japan and purified as previously 
described.46 Both Fab fragments were buffer exchanged as described above. Decoration of 
capsids with Fab E1 was achieved by mixing Fab E1 with HBcAg to obtain a relative ratio of 
Cp149 dimer:Fab E1 (light chain, heavy chain) 1:2. In the case of Fab 3120, a Cp149 dimer:Fab 
3120 ratio of 1:2.2 was used. These ratios ensured binding saturation. We also investigated 
the effect of sub-stoichiometric binding of these Fab fragments to HBcAg at relative ratios of 
Cp149 dimer:Fab E1 of 2:1 and 4:1.

Hydrogen deuterium exchange-mass spectrometry (HDX-MS). A 30-fold dilution with 
either H2O, pH 7 for the non-deuterated experiments, or deuterium oxide (Sigma Aldrich, 
Germany), pD 7 for deuterated experiments was carried out for the following complexes; un-
bound HBcAg (1 µL of 30 pmol/µL (Cp149 dimer concentration) into H2O or D2O), saturated 
Fab E1-bound HBcAg (1 µL of 30 pmol/µL HBcAg and 2 µL of 30 pmol/µL Fab E1 into H2O 
or D2O), Fab 3120-bound HBcAg (30 pmol of HBcAg and 65 pmol of Fab 3120), Fab E1-bound 
HBcAg at a relative ratio of Cp149 dimer:Fab E1 of 2:1 (30 pmol of HBcAg and 15 pmol of Fab 
E1) and 4:1 (30 pmol of HBcAg and 7.5 pmol of Fab E1). Diluted samples were incubated at 
room temperature for time intervals of; 0 min for the non-deuterated experiments and 1 min, 
10 min, 60 min, 240 min for the deuterated experiments. Whilst longer exposure times were 
investigated (22 h), the extent of the increase in deuterium incorporation did not warrant the 
added analysis time. The deuteration reaction was quenched by pH reduction to 2.5 with a 1:1 
dilution using ice cold 4 M guanidine hydrochloride adjusted to pH 1.85, leading to an overall 
sample volume of 60 µL. Quenched samples at a final Cp149 dimer concentration of 0.5 pmol/
µL were immediately injected into a 50 µL injection loop on a nano-ACQUITY UPLC system 
with HDX technology48 (Waters Corporation, Milford, MA, USA). Online digestion was per-
formed using an immobilised pepsin column with 0.05% formic acid in H2O, (flow rate of 200 
µL/min), held at a temperature of 15°C. Peptides were trapped and desalted online using an 
ACQUITY UPLC BEH C18 1.7 µm VanGuard Pre-column (Waters) at 0°C, with subsequent 
elution  onto an ACQUITY UPLC BEH C18 1.7 µm, 1 mm x 100 mm column (Waters) held at 
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0°C. Peptide separation utilised a 8 min linear acetonitrile gradient (5%-85%) containing 0.1% 
formic acid (flow rate of 40 µL/min). The eluent was directed into a Xevo G2 instrument (Wa-
ters) with electrospray ionization and lock-mass correction (using leu-enkephalin peptide). 
Mass spectra were acquired in MSE mode over the m/z range 50-2000. Two blank injections 
were preformed between each sample injection to prevent sample carry over. Peptides were 
identified from the non-deuterated sample using ProteinLynx Global Server 2.5 software (Wa-
ters) and a databank containing the Cp149.3CA sequence. Wide search tolerances were used 
to increase the number of possible peptide candidates (e.g. search criteria of; maximum num-
ber of peptides with minimum fragment ions, per peptide set to 2 and per protein set to 5).

Calculation of exchange data. Deuterium uptake was calculated and compared to the non-
deuterated sample using DynamX 1.0.0 software (Waters), for the peptide candidates gener-
ated using the ProteinLynx Global Server. Only peptides observed in both the non-deuterated 
and deuterated samples were considered further. Experiments were carried out in triplicate at 
each time point with the exception of the Fab 3120 binding which, due to sample availability, 
was a single experiment. Measurements on Fab E1-bound complexes below saturation were 
carried out in duplicate. Absolute deuterium incorporation at a given time point was deter-
mined by comparison with t = 0 in the non-deuterated sample. The deuterium incorporation 
at a given time point corresponded to the centroid value across the backbone amide popula-
tion. Results were averaged across replicate analyses at a given time point and the standard 
deviation determined. To examine the differences in a comparable way, the absolute deuteri-
um uptake for each peptide (D uptake (Da)) was converted to a percentage deuterium uptake 
(% D) using Equation 1, which takes into consideration the total number of amino acids in the 
peptide (#aa’s), the fast back exchange of hydrogens on the N-terminus (N-term.) and the lack 
of deuterium exchange of proline residues (#Pro).

     % D  =       D uptake (Da)                                                                                                Equation 1 
 (#aa’s – N-term. – #Pro) 

Due to the unavoidable presence of ‘back exchange’ it is preferable to assess the relative deu-
terium uptake between two states instead of the absolute deuterium uptake. The difference 
in the % deuterium uptake for Fab-bound HBcAg compared to unbound HBcAg, for a given 
peptide, gives the relative difference in deuterium uptake  between the two states. Differences 
were considered significant if the value was greater than the sum of the standard deviations 
associated with both the unbound HBcAg and Fab E1-bound HBcAg (Tables S4 and S5). Fur-
ther testing of the results employed a t-test to assign significance. Resulting p-values are given 
in Tables S4 and S5, whereby a p ≤ 0.05, was generally observed for all discussed changes. In 
the case of Fab 3120 binding, significance was ascribed to peptides whose deuterium uptake 
exceeded twice the standard deviation associated with the unbound HBcAg. Peptides were 
selected for comparison between the two states to ensure maximum sequence coverage and 
to be representative of other peptides covering a similar sequence.  

Assessing the extent of back exchange. A 60-fold dilution with either H2O, pH 7 for the 
non-deuterated experiments, or deuterium oxide (Sigma Aldrich, Germany), pD 7 for deuter-
ated experiments was carried out for a mixture of peptides consisting of; bradykinin (188.4 
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µM), angiotensin (154.2 µM), glu-fibrinopeptide (12.8 µM) and leu-enkephalin (143.8 µM). 
The mixture was incubated at room temperature for 48 h and quenched and analysed as de-
scribed for HBcAg. The extent of deuteration of each peptide was determined as discussed for 
HBcAg. By comparison with the theoretical number of exchangeable amide bond hydrogens, 
the extent of amide backbone back exchange was determined, and estimated at ~30 %. 

Native mass spectrometry. High resolution mass spectra were recorded on a modified Q-ToF 
I instrument (Waters, Manchester, UK) in positive ion mode.49 Xenon was used as the collision 
gas to increase the transmission of the HBcAg-Fab complexes,50 and voltages and other gas 
pressures optimised for the transmission of large non-covalent protein complexes.51,52 Briefly, 
the capillary and cone voltages were kept constant at 1250 V and 150 V, respectively. The 
voltage before the collision cell (collision energy (CE)) was varied between 100-150 V for MS 
analysis. Ions were introduced into the source at an increased pressure of 10 mbar. For un-
bound HBcAg (analysed at 4 µM Cp149 dimer concentration), charge state resolution was 
observed, and masses were determined for all detected ions in the charge state distribution. 
For Fab E1-bound HBcAg complexes, charge state resolution was not obtained hence the m/z 
at maximum ion intensity for the T = 3 and T = 4 distributions was determined by multi-peak 
fitting of two Gaussian-type distributions using the software IGORPro.53

Results

HDX-MS of the HBcAg capsid. LC-MSE analysis of pepsin-digested HBcAg identified a total 
of 67 peptides, many of which were partially overlapping, covering 98% of the Cp sequence 
(Figure 2c). Deuterium exchange of backbone amide hydrogens was carried out for exposure 
times of 1 min, 10 min, 60 min and 240 min, and the relative deuterium uptake compared to 
time zero (t = 0) for each peptide was determined. To understand how the structure of the 
HBcAg capsid affects the relative exposure of the different amide hydrogens, the deuterium 
uptake (as % deuterium uptake per peptide) at the different time points was compared (Table 
S3). 

Peptides that show the highest levels of deuterium incorporation correspond to the α2a he-
lix (peptide 24-34), the dimeric spike tip (peptides 69-75, 76-83, 84-91 and 89-97) and the C-
terminus (peptide 141-149), and at the maximum exposure time (240 min), the % deuterium 
uptake ranges from 34%-65%. Peptides with lower levels of deuteration correspond to the 
N-terminus (peptide 1-15) and those involved in the numerous α-helices, namely; the α1 helix 
(peptide 16-23), the α2b helix plus the α3 helix (peptides 36-43 and 44-55), the α3 helix (pep-
tide 55-64 and 61-67), the α4b helix (peptide 89-103), the α4b helix plus the α5 helix (peptide 
104-117) and the α5 helix plus the C-terminal arm (peptide 123-140) (Figure 2b). Additional 
confidence in the results was confirmed by comparison with a second dataset (also constitut-
ing three repeat measurements). The root-mean square difference between the two data sets 
was approximately 4%. 
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Effect of Fab E1 binding on HBcAg structure. To evaluate the conformational changes in-
duced by Fab E1 binding, the deuterium uptake was monitored for all observed peptides at 
the various time points, using an antibody concentration consistent with saturation binding 
to HBcAg (Table S4). Two types of distributions at the peptide level were observed; those in 
which Fab binding did not alter the level of deuterium uptake, and those in which the deu-
terium incorporation significantly decreased upon Fab binding. An example in which Fab 
E1 binding had minimal effect on deuterium uptake compared to unbound HBcAg, involves 
the peptide covering residues 1-15 (Figure 3c). Monitoring the deuterium uptake for the non-
deuterated [M+2H]2+ ion at m/z 864.3 in both the unbound HBcAg (Figure 3a) and the Fab E1-
bound HBcAg (Figure 3b), indicated minimal difference in deuterium incorporation between 
the two states (Figure 3d). In contrast, a clear reduction in deuterium incorporation upon Fab 
E1 binding was observed for the peptide spanning residues 24-34 (the α2a helix) (Figure 3g). 
Monitoring the deuterium uptake for the non-deuterated [M+2H]2+ ion at m/z 617.3 in both the 
unbound HBcAg (Figure 3e) and the Fab E1-bound HBcAg (Figure 3f), indicated a significant 
reduction in deuterium incorporation upon Fab E1 binding (Figure 3h).
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Figure 2: (a) Schematic to illustrate the structural components (and corresponding amino acid residues) constitut-
ing the HBV monomer; (b) Crystal structure of a HBV capsid monomer (PDB: 1QGT) indicating the different α 
-helices; (c) Experimentally observed sequence coverage of Cp149.3CA in which all peptides were observed in both 
non-deuterated and deuterated unbound HBcAg and Fab E1-bound HBcAg. A total of 67 peptides were identified 
leading to 98% sequence coverage (prepared using73).
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A representation of the conformational changes in HBcAg induced by Fab E1 binding was 
made by mapping the difference in % deuterium uptake between the two states as a colour 
change on the Cp149 dimer (PDB: 1QGT) (Figure 4i). In all cases where a substantial differ-
ence between the two states was observed, Fab E1 binding led to a reduction in deuterium 
incorporation upon binding.

At the longest exchange time (240 min), regions showing a significant reduction in deuterium 
uptake upon Fab E1 binding were restricted to the regions comprising residues 24-34, 69-75, 
76-83, 84-91, 89-97, 89-103 and 141-149. In all cases, the difference was between 4.4 and 13.3% 
per peptide.  All other regions showed no significant difference in deuterium incorporation 
upon Fab E1 binding (Figure S4). The largest reductions in deuterium uptake upon binding 
were observed for; peptide 84-91 (the spike tip and cryo-EM-identified epitope) with a 13.3% 
reduction, peptide 141-149 (C-terminus) with a 9.2% reduction and peptide 24-34 (α2a helix) 
with a 5.8% reduction.
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Figure 4: Regions of HBcAg that undergo a significant reduction in deuterium uptake upon; (i) Fab E1 binding 
and (ii) Fab 3120, are visualised as a colour change on the crystal structure of the Cp149 dimer (t = 240 min). (iii) 
Schematic summarising the effect on deuterium incorporation of HBcAg upon Fab binding with respect to the 
Cp149 sequence. Grey represents the structural regions where there is no significant difference in deuterium incor-
poration between unbound and Fab-bound states, with increasing intensity of pink representing a greater reduction 
in deuterium uptake upon binding. In (i and ii) typical individual relative deuterium uptake versus exposure time 
graphs for both the unbound HBcAg (red) and the Fab-bound HBcAg (blue) are also shown for regions of the struc-
ture showing significant reductions in deuterium incorporation upon binding.
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Effect of Fab 3120 binding on HBcAg structure. To reveal the conformational changes in-
duced by Fab 3120 binding, the deuterium uptake was monitored for all observed peptides at 
the different time points, again at an antibody concentration representing binding saturation 
(Table S5). At the longest time point (240 min), many regions showed a substantial reduction 
in deuterium uptake upon Fab 3120 binding except for residues 56-67 and 98-103 (Figure 
4iii). This observed reduction in deuterium uptake amounted to 2 to 16.4% per peptide. The 
largest differences were observed for residues 24-34 (α2a helix), and residues 141-149 (the 
C-terminus), representing a 11.6% and a 16.4% decrease in deuterium uptake, respectively.
 

Discussion

Exposure of the capsid protein within unbound HBcAg. X-ray crystallography and cryo-EM 
have provided vital insights into the structure and subunit packing of HBV capsids, however 
a more complete picture would include the dynamic properties of this assembly, and the ef-
fects of interaction with anti-capsid antibodies. HDX-MS affords a powerful method to study 
and localize conformational dynamics especially when the (static) high resolution structure is 
known. Prior to assessing the effects of antibody binding on the HBcAg structure, we discuss 
the HDX-MS-observed conformational dynamics of undecorated HBcAg capsids.

The high sequence coverage (98%) and profusion of peptides (67) observed upon pepsin di-
gestion of HBcAg (Figure 2c), allowed us to map fully the dynamics within the capsid. The 
presence of multiple peptides representing overlapping regions demonstrate the consistency 
of the data and enhance confidence in the results.  Examination of these peptides established 
that certain regions exhibit substantially different levels of accessibility to hydrogen exchange 
(Table S3). Regions exhibiting the highest levels of deuterium exchange; the α2a helix (peptide 
24-34), the spike tip (peptides 69-75, 76-83, 84-91 and 89-97) and the C-terminus (141-149) must 
represent exposed and/or flexible regions of the capsid, and consequently may be involved 
in breathing motions of the capsid. The high solvent accessibility of the spike tip is consistent 
with its location at the very periphery of the capsid. The α2a helix must also be flexible and 
dynamically exposed, which may reflect its minimal involvement in inter-dimer interactions. 
Of all observed peptides the C-terminus consistently showed the highest level of deuterium 
uptake at all exposure times (average 63% deuterium uptake across the time points). This 
high level of exposure is consistent with reports of the flexibility of the C-terminus and its 
transient exposure on the outer surface of empty capsids.36,54-58 

The lower levels of deuterium uptake exhibited by other regions are likely to result from their 
locations at the capsid floor (peptides 36-43, 44-55 and 104-117), and in some cases, involve-
ment in inter-dimer interactions (peptides 104-117 and 123-140) and thus confirm the higher 
level of structural protection afforded by the capsid shell. In addition, the extensive hydrogen 
bonding in the α-helices that make up the majority of HBcAg structure would also increase 
protection and lead to lower levels of deuterium incorporation (peptides 16-23, 36-43, 44-55, 
55-64, 61-67, 89-103 and 104-117), especially those peptides (peptides 55-64 and 61-67) con-
stituting the α3 helix which is involved in the extensive inter-subunit contacts in the 4-helix 
bundle. 
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Conformational changes induced by Fab E1 binding to HBcAg. In our investigation of con-
formational changes induced by Fab E1 binding to HBcAg we observed that much of the cap-
sid protein shows little difference in deuterium incorporation between the unbound and Fab 
E1-bound states (Table S4 and Figure S4). In particular, these were identified as those regions 
closest to the capsid floor and those regions involved in inter-dimer interactions, and as such 
may demonstrate the already highly protected environment of the capsid shell. However, it is 
striking that the regions affected by Fab E1 binding include some that are quite remote from 
the peptides that make up the epitope (Figure 4iii) and all changes recorded involve reduced 
rates of exchange. As such, they point to a global rigidification of the capsid, i.e. a suppression 
of its breathing motions (statistical fluctuations in structure).

The primary changes in exchange pattern upon binding Fab E1 can be pin-pointed to four 
regions all of which undergo increased protection (Figures 4i and iii, Figure S7a). They corre-
spond to; the α2a helix, the spike tip, the α4 helix and the C-terminus. The increased protection 
at the spike tip is consistent with the location of the E1 epitope as defined by cryo-EM (resi-
dues 70, 73, 74, 82, 83, 86, 87).45 Peptide 84-91 undergoes the largest reduction in deuterium 
uptake, fully consistent with this assignment. Residues 91-103 directly follow this region and 
we can assume that the increased protection observed at the spike tip continues into this part 
of the α4 helix. Cryo-EM previously demonstrated that at saturation sub-stoichiometric bind-
ing of Fab E1 leads to occupation of only 40% of the available spikes.45 This may explain why 
we do not observe a larger reduction in deuterium uptake at the epitope as might be predicted 
from interaction of Fab E1 with all available spikes. Cryo-EM data did not observe a role for 
the α2a helix in Fab E1 binding, but our HDX-MS data shows that this region undergoes a 
considerable decrease in deuterium uptake, suggesting that conformational stabilization is 
transmitted allosterically to this site by Fab E1 binding to its epitope, resulting in reduced 
flexibility and increased protection. At lower Fab E1 binding stoichiometries (HBcAg:Fab E1 
of 2:1 and 4:1) (Figure S5) the deuterium uptake at regions distal to the epitope, the α2a helix 
and the C-terminus, were also reduced compared to the uptake of unbound HBcAg (Figure 
S6). This strongly indicates that dampening of the HBV capsid flexibility already occurs upon 
binding of a few Fab E1.

A functional consequence of the conformational changes upon E1 binding to the dimeric cap-
sid protein is that binding to the second epitope on either capsids or non-assembled dimers is 
blocked.45 The site unavailable for binding must sense binding at the other site via transmitted 
conformational changes, as discussed above. In other systems, α-helices have been shown to 
move like rigid bodies during protein breathing and in the all-helical HBV capsids, a similar 
mechanism may mediate dynamic structural changes at a distance.59

Conformational changes induced by Fab 3120 binding to HBcAg. The potential of this meth-
odology led us to also investigate the binding of Fab 3120 that has been shown by cryo-EM to 
bind to an inter-dimer interface region on the capsid floor46- a very different location from the 
E1 epitope. A comparison of the hydrogen exchange patterns between the unbound HBcAg 
and Fab 3120-bound HBcAg (Table S5) again revealed many differences (Figures 4i and iii, 
Figure S7b). The extent of protection however, was in a similar range (2-16% per peptide) 
to those observed upon Fab E1 binding. Similarly, when a change in deuterium uptake was 
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observed, it was a reduction. Consistent with Fab E1 binding, Fab 3120 binding to HBcAg 
showed both the α2a helix and the C-terminus as undergoing the largest reduction in deu-
terium uptake, suggesting that these conformational changes are independent of the type of 
Fab that binds, although the extent of reduction in deuterium uptake differed between the 
two Fabs (Figure 4iii). Considering the location of the Fab 3120 epitope on the capsid floor 
(Figure 1), a number of steric considerations arise: in particular the Fab has to fit between adja-
cent spikes. Moreover, the greater size of the footprint on the capsid surface would imply that 
binding of this Fab could result in increased protection to a larger expanse of the capsid struc-
ture compared to a spike-binding Fab. Our HDX-MS data are consistent with this proposition.

 Fab binding suppresses breathing of the capsid. A notable dynamic property that has been 
observed for several viral capsids is their ability to transiently expose to the outside amino 
acid sequences that normally reside in the interior. This behavior, which takes place under 
physiological conditions, is termed ‘breathing’. To date, it has been observed in poliovirus,60-62 
human rhinoviruses HRV1463,64 and HRV16,64 tetraviruses, e.g., Nudaurelia ω capensis (NωV) 
and Helicoverpa armigera stunt virus (HaSV),65 nodaviruses, e.g., flock house virus66 and bro-
moviruses, e.g., cowpea chlorotic mottle virus (CCMV).67  

Per HBcAg, the location and role of the 34-residue C-terminal region of Cp183 has received 
considerable attention. Early work identified the importance of this Arg-rich domain in the 
binding of the RNA pregenome (Cp183), an assignment confirmed by EM labeling stud-
ies.31,35,68-71 On the other hand, proteolysis data suggested accessibility of the C-terminal do-
main to proteases,54-56 and foreign sequences inserted at the C-terminus retained immuno-
genicity.57,58 A more recent study documented the binding of kinase SRPK to the C-terminus 
on the external surface of empty Cp183 constructs.72 These data attest to the dynamic nature 
of this domain and its transient exposure to the capsid exterior. The present observations sug-
gest that binding of both Fab E1 and Fab 3120 has the overall effect of increasing the rigidity of 
the capsid and consequently dampening or suppressing its breathing. This dampening effect, 
in the case of Fab E1, is observed even at binding stoichiometries below saturation.

Conclusion

Here, HDX-MS has been shown to be a powerful technique for characterising the dynamics of 
the HBcAg capsid, and its interaction with antibodies. To our knowledge, this is the first time 
intact virus-antibody complexes, with estimated masses above 6 MDa,45,46 have been probed 
using HDX-MS. These data have provided unique complementary insights into the confor-
mational flexibility of the HBcAg capsid and how this property changes upon antibody bind-
ing. This information is difficult to assess by any other analytical technique, thus illustrating 
the unique potential of HDX-MS.
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Abstract

The capsid of Hepatitis B virus (HBV) is a major viral antigen and important diagnostic in-
dicator. HBV capsids have prominent protrusions (‘spikes‘) on their surface and are unique 
in having either T = 3 or T = 4 icosahedral symmetry. Mouse monoclonal and also human 
polyclonal antibodies bind either near the spike apices (historically the ‘α-determinant’), or in 
the “floor” regions between them (the ‘β-determinant’). Native mass spectrometry (MS) and 
gas-phase electrophoretic mobility molecular analysis (GEMMA) were used to monitor the 
titration of HBV capsids with the antigen-binding domain (Fab) of mAb 3120, which has long 
defined the β-determinant. Both methods readily distinguished Fab binding to the two capsid 
morphologies and could provide accurate masses and dimensions for these large immune 
complexes, which range up to ~8 MDa. As such, native MS and GEMMA provide valuable 
alternatives to a more time-consuming cryo-EM analysis for preliminary characterisation of 
virus-antibody complexes.

Introduction

Hepatitis B virus (HBV) is a major cause of liver disease. In spite of the development of effec-
tive vaccines and antivirals for the prevention and treatment of HBV infections, the disease re-
mains a serious health concern. Chronic infection elicits production of large amounts of anti-
capsid antibodies, motivating studies to better understand the interaction of the HBV capsid 
antigen with anti-capsid antibodies. In HBV capsids, the capsid protein (Cp) forms, both in 
vitro and in vivo, particles with two icosahedrally symmetric morphologies, corresponding 
to the triangulation numbers T = 4 and T = 3 and consisting of 240 and 180 monomeric subu-
nits, respectively.1 Cp dimers are the building-blocks for capsid formation and are stabilised 
by an intermolecular four-helix bundle and a disulphide bond within the bundle (Cys61).2-4 

Together these two capsids are known as the Hepatitis B core antigen (HBcAg). At a struc-
tural level, interaction of HBcAg with a number of antibodies has been investigated, mainly 
by cryo-electron microscopy (cryo-EM).5-11 T = 4 capsids have four quasi-equivalent variants 
of each epitope (designated A, B, C, D) whereas T = 3 capsids have only three (A, B, C), all 
present in 60 copies per capsid. Note however that, similarly named sites (e.g. the B-epitope 
on T = 3 and the B-epitope on T = 4) are not necessarily equivalent.12 Data indicate both, that 
epitopes are quite diverse and that there can be pronounced variations in binding affinity be-
tween quasi-equivalent variants of a given epitope. The majority of mapped epitopes exist as 
conformational discontinuous epitopes, although one conformational linear epitope and one 
non-conformational linear epitope have also been observed.13,14 

The locations of the majority of these epitopes have been mapped to the upper region of 
the four-helix bundle that constitutes the capsid spike. However, a distinct epitope has been 
identified for the monoclonal antibody 3120.15 Characterisation by cryo-EM of Fab 3120-bind-
ing mapped its epitope to the floor region of the capsids, and pronounced differences in the 
occupancies of the seven quasi-equivalent variants of the epitope (from 0% to 100%) were 
observed, reflecting differences in affinity arising from nuances in structure.15 Since Fab 3120 
detects, and has historically defined, the β-epitope on HBcAg,5 it is commonly used in diag-
nostic assays. Furthermore, the antibody is specific for assembled capsids and does not bind 
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to dimeric capsid subunits.16 Among the human antibodies isolated from HBV clinical sera, 
some were shown to have a similar binding fingerprint,11 indicating that 3120–like antibodies 
are a major component of the anti-HBcAg response to HBV infection.

Following the introduction of electrospray ionisation,17 native mass spectrometry (MS) has 
emerged as a valuable technique for the characterisation of protein assemblies in terms of 
molecular weight (Mw), stoichiometry and structure. Application of this methodology to a 
variety of macromolecular systems, including viral particles,18-21 heterogeneous protein as-
semblies22,23 and membrane-bound protein assemblies,24 has demonstrated that many struc-
tural properties of large non-covalent protein complexes can be partially preserved in the gas 
phase. Ion mobility mass spectrometry (IMMS) has more recently been coupled to native MS 
and yields additional information relating to size, shape and charge.25-29 Next to native MS, 
gas-phase electrophoretic mobility molecular analysis (GEMMA) has emerged as an alter-
native method to characterise macromolecular particles such as protein complexes, viruses 
and virus-antibody complexes.30-38 Both approaches commence with ESI of protein assemblies 
from a pseudo-physiological buffer (e.g. aqueous ammonium acetate). In native MS, the mul-
tiply charged ions that are produced undergo extensive desolvation and are subsequently 
separated by predominantly ToF (time-of-flight) mass analysers. In GEMMA, the initial ESI 
process is followed by charge manipulation that reduces the particles to singly charged ions 
that are separated by their electrophoretic mobility diameter (EMD) at atmospheric pressure, 
which corresponds to particle size in the case of globular analytes. Finally, they are detected 
by vapour condensation on the separated singly charged particles with subsequent laser light 
scattering.31,39 

In this study, we used a combination of ESI-based techniques, MS and GEMMA, to probe 
the interaction of Fab 3120 with HBcAg. We demonstrate the potential of these techniques 
for monitoring the concentration-dependent antibody-antigen binding process. We show that 
interactions of Fab 3120 with HBcAg can be maintained in the gas phase, enabling the sepa-
ration and semi-quantitative monitoring of HBcAg-Fab complexes in the mega Dalton mass 
range. Most significantly, both techniques have the ability to distinguish between Fab 3120 
binding to T = 3 and T = 4 capsids. Our native MS and GEMMA data were found to be in close 
agreement, and consistent with earlier measurements made at a single Fab 3120 : HBcAg 
dimer ratio by cryo-EM.15  As such, they establish a proof-of-concept for analysing such virus-
antibody immune complexes, qualitatively and semi-quantitatively by ESI. 

Materials and methods

Preparation of HBcAg capsids and Fab fragments, and decoration of capsids with Fab. The 
Cp construct used, Cp149.3CA, consists of residues 1 to 149 in which the cysteines at positions 
48, 61 and 107 have been changed to alanines. Cp149.3CA (abbreviated to Cp149 dimer) was 
expressed and purified in dimeric form as previously described.40 Assembly into capsids was 
achieved via buffer exchange into aqueous ammonium acetate (200 mM) at pH 6.8 using an 
Amicon Ultra 0.5 mL centrifugal filter (Millipore, Billerica, MA) with a Mw cut-off of 5 kDa. 
Monoclonal antibody 3120 was purchased from the Institute of Immunology, Tokyo, Japan. 
Proteolytic digestion and purification of Fab 3120 was as previously reported.15 Expression 
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and purification of Fab E1 has been previously described.41 Both Fab fragments were also 
buffer exchanged into aqueous ammonium acetate (200 mM) at pH 6.8. Capsids were deco-
rated by mixing Fab with HBcAg at ratios of Fab : Cp149 dimer from 0:1 to 6:1. In the case 
of GEMMA measurements assembly of intact capsids was achieved via buffer exchange into 
aqueous ammonium acetate (50 mM) at pH 6.8, as described above.  The maximum mixing 
ratio used in GEMMA measurements of Fab decorated capsids corresponded to a Fab : Cp149 
dimer of 4:1.

Native mass spectrometry analysis. High resolution (tandem) mass spectra were recorded 
on a modified Q-ToF  instrument (Waters, Manchester, UK) in positive ion mode.42 Xenon 
was used as the collision gas to increase the transmission of the HBcAg-Fab complexes,43 
and voltages and other gas pressures optimised for large non-covalent protein complexes.44,45 

Briefly, the capillary and cone voltages were kept constant at 1.25 kV and 150 V, respectively. 
The voltage before the collision cell (collision energy (CE)) was varied between 100-150 V for 
MS analysis. Ions were introduced into the source at a pressure of 10 mbar. Measurements at 
the different Fab to HBcAg mixing ratios were carried out either in duplicate or triplicate. In 
cases where charge state resolution was achieved for HBcAg, masses were determined for all 
ions detected in the charge state distribution. Since charge state resolution was not obtained 
for the Fab-bound HBcAg complexes the m/z at maximum ion intensity for the T = 3 and T = 
4 distributions was determined by multi-peak fitting of two Gaussian curves to the observed 
ion distributions using the software IGORPro.46 Fab occupancy of HBcAg was deduced by 
comparison of the experimentally observed m/z (at maximum signal intensity) for the T = 3 
and T = 4 capsids with the theoretical m/z predicted for all possible Fab occupancies up to a 
maximum of 90 Fab for T = 3 capsids and 120 Fab for T = 4 capsids. The smallest deviation 
between the theoretical m/z and the experimentally observed m/z determines the occupancy 
(Figure S8). Calculation of the theoretical m/z of these complexes was achieved using a previ-
ously published correlation between mass and charge state47 (Figure S9). Errors, associated 
with defining the Fab occupancy, were estimated from the reproducibility of repeat measure-
ments and averaged to encompass errors associated with measurements at pre-saturation and 
saturation mixing ratios.

Ion mobility (IM) measurements were performed on a Synapt HDMS G1 (Waters, Manches-
ter, UK).26,28 Generation of gas phase ions from native protein solution was achieved using a 
capillary voltage of 1.25 kV, cone voltage of 150 V and source pressure of 13.6 mbar. Argon 
was used as background gas, in both the trap and transfer T-Wave cells, at a flow rate of 3 mL/
min with applied collision voltages of 120 V and 80 V, respectively. Nitrogen was used in the 
IM cell for separation of ions by their mobility at a flow rate of 22 mL/min, a velocity of 250 m/
sec and ramped wave height of 2-25 V over 60 % of the IM separation (IMS) cycle. Collisional 
cross-sections (CSSs) were determined using the experimentally measured IM drift times and 
through calibration with proteins of known cross sections.18,19,27,48,49 Reported CCS values rep-
resent the average drift time across the ion distribution corresponding to a given HBcAg-Fab 
complex. The measurements were repeated at least twice. 

ESI tips were prepared in-house from borosilicate glass tubes of 1.2 mm (outer diameter) by 
0.68 mm (inner diameter) (World Precision Instruments, Sarasota, FL) using a P-97 micropi-
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pette puller (Sutter Instruments, Novato, CA). The ESI tips were gold coated using a Scancoat 
six Pirani 501 sputter coater (Edwards Laboratories, Milpitas, CA).

GEMMA analysis. Gas-phase electrophoretic mobility molecular analysis (GEMMA) was 
carried out on an instrument (TSI Inc., Shoreview, MN) consisting of a nano electrospray 
source with a Po-210 charge reduction device (model 3480), an electrostatic classifier with a 
nano differential mobility analyzer (model 3080), and a butanol-driven condensation parti-
cle counter (model 3025A). HBcAg-Fab assemblies were electrosprayed from 0.5 mL Protein 
LoBind tubes (Eppendorf, Hamburg, Germany) via a cone tipped fused silica capillary with 
25 µm inner diameter (TSI Inc.) by application of ~2.09 ± 0.02 kV (resulting in ~ -394 ± 17 nA 
current), 0.10 L/min CO2, 0.50 L/min particle-free air and a pressure difference of ~290 mbar 
across the capillary. GEMMA spectra were recorded in the range 3 – 50 nm EMD by applica-
tion of 15 L/min sheath flow and 120 s scantime. The resulting median values of ten GEMMA 
spectra were plotted. To assign the  EMD value of a given peak, the peak apex was determined 
via fitting of a Gauss curve (Origin 8.6 software, Northampton, MA). 

Determining the Fab occupancy of proteinaceous capsids by GEMMA depends on several ge-
ometric considerations.37 In the case of the HBcAg-Fab complexes, the surface area of a sphere 
with a radius halfway between the unbound HBcAg and the HBcAg-Fab complex at satura-
tion (AHBV

complex) was calculated. We initially employed an ellipsoidal shape for the Fab, with 
an ellipsoid height derived from GEMMA data and an ellipsoid radius of 2.5 nm.50 However, 
upon formation of a saturated HBcAg-Fab complex we did not observe an EMD consistent 
with the EMD of HBcAg plus twice the EMD of Fab, but instead a significantly lower value. 
We therefore considered compression of the Fab ellipsoid upon HBcAg binding (at a constant 
volume of Fab as calculated from its non-compressed form). For this compressed Fab ellip-
soid the maximum circle area at the semi-minor axis (AFab

compr. ellipsoid) was determined. Finally, 
to obtain the Fab occupancy of a given HBcAg-Fab complex, AHBV

complex was related to AFab
compr. 

ellipsoid. Limitations to this approach include; (i) whilst the model considers the entire HBcAg 
surface to be covered by Fab, experimentally this is not the case, (ii) attached water and salt 
residues might lead to an overestimation of the Fab EMD (an important basis of calculation) 
and (iii) the actual HBcAg surface topology is not regarded, i.e. capsid deformation upon Fab 
binding, or the Fab binding sites. Errors associated with defining the Fab occupancy were 
estimated from the shift in EMD upon repeat measurements of a given HBcAg-Fab complex 
(EMD shift values of ± 1 detection channel resulted in shifts of 0.06 nm for Fab and 0.30 nm for 
HBV capsids), and standard deviations for peak EMD assignment. 

Results and discussion

Monitoring of Fab 3120 binding to HBcAg by native MS. The binding of Fab 3120 to HBcAg 
capsids was monitored at several Fab 3120 : Cp149 dimer molar ratios (Figure 1). HBcAg 
alone is observed as two charge-resolved distributions centred around m/z 21,758 Th and 
25,093 Th, and corresponding to the masses of T = 3 and T = 4 capsids, respectively (Figure 
1a), in line with previously reported data.19 Upon addition, Fab 3120 binds to both capsid 
morphologies. Charge state resolution is lost upon Fab binding, which hampers the accuracy 
of mass determinations. The loss of resolution likely results from two factors: heterogeneity in 
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Fab binding and inefficient desolvation of the electrosprayed complexes.51 

Partial occupancy is observed at mixing ratios of Fab 3120 : Cp149 dimer of 0.65:1 (Figure 1b) 
resulting in a T= 3 capsid with an average m/z at maximum intensity of 23,364 Th and for the 
T = 4 capsid at m/z 27,842 Th. Partial occupancy is also observed at a mixing ratio of 1:1 (Figure 
1c). Saturation is achieved at a Fab 3120 : Cp149 dimer ratio of 4:1 for the T = 3 capsid (Figure 

1e), whilst for the T = 4 capsid a significantly lower ratio is sufficient to saturate binding to 
the capsid (Figure 1d). We used the shift in m/z to estimate the number of Fab 3120 bound per 
capsid, following previously described approaches and as described in detail in the Materials 
and Methods section (Figures S8 and S9). In this way, the Fab-decorated T = 3 capsids were 
estimated to have an average mass of 5.35 MDa and thus to bind, at saturation, an average 
complement of 49 ± 4 Fabs. Similarly, decorated T = 4 capsids were estimated to have an aver-
aged mass of 7.98 MDa and hence to bind, on average, 83 ± 5 Fabs. 

Confidence in these numbers is increased by considering the T = 3 distribution observed at 
lower mixing ratios, i.e. less than one Fab per dimer, whereby charge state resolution on the T 
= 3 capsid is achieved at elevated collision voltages (CE). Combining precursor ion isolation of 
a specific ion in the T = 3 charge state distribution with increased CE, charge stripping of the 
isolated precursor ion allows for the precise determination of the mass and derivation of Fab 
3120 occupancy. Good agreement between the occupancies derived from the isolated charge 
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Figure 1: Mass spectra cor-
responding to Fab 3120 binding 
to HBcAg showing the effect of 
different mixing ratios of Fab 
and HBcAg on the HBcAg-Fab 
assemblies formed. These corre-
spond to; (a) 8 μM HBcAg; (b)  
0.65:1 (2.6 µM : 4 µM) Fab : 
HBcAg; (c)  1:1 (4 μM : 4 μM) 
Fab : HBcAg; (d)  2:1 (8 µM : 4 
µM) Fab : HBcAg; (e)  4:1 (16 
µM : 4 µM) Fab : HBcAg, in 200 
mM ammonium acetate, pH 6.8. 
(HBcAg concentration in terms 
of Cp149 dimer concentration). 
The derived Mws of the observed 
HBcAg-Fab assemblies are indi-
cated by the top axis.
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stripped distribution and those calculated from the fitting of a Gaussian curve to the unre-
solved T = 3 distribution in the MS data, was obtained. At a Fab 3120 : Cp149 dimer of 0.65:1, 
the average m/z at maximum signal intensity predicts 10 Fab 3120 bind to the T = 3 capsid. 
Isolation of m/z 23,604 Th and subsequent charge stripping at a CE of 150 V led to a distribu-
tion also corresponding to ~9 bound Fab 3120 (Figure S10).

Monitoring Fab 3120 binding to HBcAg by GEMMA. Although native MS and GEMMA 
share some commonality in their mode of ion generation by ESI, they differ substantially in 
their means of separation and detection. Specifically, native MS measures the m/z of multiply 
charged ions, while GEMMA measures the electrophoretic mobility (EM) of singly charged 
ions (obtained after charge reduction in a bipolar atmosphere), which is subsequently con-
verted to an electrophoretic mobility diameter (EMD). In Figure 2 the HBcAg signals pro-
duced by the two approaches are compared. These data compare favourably, with singly 
charged T = 3 and T = 4 capsids detected by GEMMA (Figure 2a), and the highly charged ions 
of these particles analysed by native MS (Figure 2b), giving similar values. By MS an average 
charge state of the T = 3 capsid at +140 and T = 4 capsid at +161 are observed (Figure 2b). Both 
techniques yield similar values for the ratio of T = 3 : T = 4 capsids, ~ 1:3. Hence, whilst the 
mechanisms of particle preparation and analysis are quite different, the results obtained are 
in good qualitative and quantitative agreement.

Next, a similar set of Fab : HBcAg mix-
tures was used to monitor the binding 
of Fab 3120 to HBcAg by GEMMA. As 
with native MS, Fab-bound capsids 
were observed at a resolution capable of 
distinguishing T = 3 from T = 4 (Figure 

3). As expected, the EMD was observed to increase upon Fab binding, and increasing the 
amount of Fab 3120 relative to HBcAg led to increased occupancy up to the point of satura-
tion, as also observed by native MS. Employing geometrical considerations (see Materials and 
Methods), the number of bound Fab could be estimated, giving at saturation, 38 ± 3 Fabs per 
T = 3 capsid and 56 ± 6 Fabs per T = 4 capsid. 
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+161(b)

8 m/z [kDa]

12 14 16 18 20 22 24 26 28 30
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EMD [nm]

Figure 2: (a) GEMMA spectrum corresponding 
to 2.2 µM HBcAg in 50 mM ammonium acetate, 
pH 6.8; (b) Mass spectrum for 8 μM HBcAg in 
200 mM ammonium acetate, pH 6.8.
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Comparing the binding behaviour of Fab 3120 to T = 3 and T = 4 capsids. The amount of Fab 
3120 bound by HBcAg depends on the relative amount of Fab available (Figure 1). However, 
native MS and GEMMA both show that T = 3 and T = 4 capsids differ in their saturation points 
for Fab binding. T = 3 capsids saturate at a Fab 3120 : Cp149 dimer ratio of 2.4:1 ± 0.1, com-
pared to the near-stoichiometric ratio of 1.4:1 ± 0.1 for T = 4 capsids (Figure 4). 
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3120 : HBcAg (HBcAg in terms of Cp149 dimer concentration). Fab 3120-bound HBcAg has been scaled relative 
to the HBcAg distribution.
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Figure 4: Occupancy of T = 3 
capsids (a and c) and T = 4 cap-
sids (b and d) by Fab 3120 at dif-
ferent mixing ratios of Cp149 di-
mer : Fab 3120, as derived from 
MS (a and b) and GEMMA (c 
and d) measurements. Error 
bars on the MS data represent 
multiple measurements for a 
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prior to the determination of the 
number of bound Fab. Two lines 
have been fitted to the data; pre-
saturation and saturation. The 
fitted line at saturation is an 
average of the mixing ratios at 
which saturation was observed.
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To better understand this difference it is necessary to consider the geometry of the capsids. 
On the T = 4 capsid, of the six potential epitope sites around each two-fold axis (each bridg-
ing the B-C, D-B and C-D subunit interfaces), cryo-EM has shown that only the C-D epitopes 
are occupied and they occlude the other four sites15 (Figure 5). In addition, of the five A-A 
epitopes around each five-fold axis only one is occupied and the Fab bound there occludes 
the other four sites. In the case of the T = 3 capsid the proposed binding is different (Figure 
5). No binding is observed at any of the six potential sites around the three-fold axis, and two 
of the five sites around each five-fold axis are occupied owing to a change in binding aspect 
vis-à-vis the T = 4 capsid. Hence, these major differences in the mode of binding between the 
quasi-equivalent sites of the two capsids correlates with the larger molar excess of Fab 3120 
required for T = 3 saturation compared to T = 4. It is likely that the differing occupancies re-
flect the differing affinities and consequently, the amount of Fab required for saturation. This 
decrease in affinity for Fab binding to the T = 3 capsid may be due to slight distortion of the 
3120 epitope, perhaps an alteration of the angles between two adjacent dimers by the greater 
curvature of the T = 3 lattice. 

Quantitative comparison of the number of Fab 3120 molecules bound to T = 3 and T = 4 cap-
sids, derived from native MS, GEMMA and cryo-EM (Figure 6) show good agreement, to 
within the associated margins of error, which are comparable for the three techniques (± ~ 
10%). In the case of native MS and GEMMA measurements these errors likely result from the 
calibration methods employed, whereby both calibrations lack appropriate calibrants at the 
masses associated with the HBcAg-Fab complexes (Figure S9, Materials and methods sec-
tion). In addition, it is well documented that during the ESI process the increase in ligand 
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Figure 5: Schematic to illustrate the different quasi-equivalent sites in T = 4 and T = 3 capsids, and regions of Fab 
3120 binding. In T = 4 capsids, there are four distinct quasi-equivalent environments (A, B, C, D), present at 60 cop-
ies each. At the 5-fold axes there are five A-A epitopes and at the 2-fold axes there are six quasi-equivalent epitopes, 
B-C, D-B and C-D (two of each). In T = 3 there are three distinct quasi-equivalent environments (A, B, C), present 
at 60 copies each. At the 5-fold axes there are five A-A epitopes, at the 3-fold axes there are six quasi-equivalent 
epitopes, B-C, C-B (three of each).
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concentration that occurs during the desolvation process of droplets can lead to non-specific 
binding.21,52  In contrast, there is a detection threshold in cryo-EM measurements that could 
lead to an underestimation in the total Fab bound. These data are based on measuring ratios 
of Fab density to Cp density in the reconstruction (the latter is assumed to have 100% occu-
pancy). Fabs bound at low occupancies beneath this threshold cannot be distinguished from 
background noise. For these reconstructions, we estimate this threshold to be about 15%.15 

This means that there might be up to six undetected Fabs per T = 3 capsid bound to the appar-
ently unoccupied sites around its three-fold axes (6 = 20 × 2 × 0.15). The calculation envisages 
two potential bindings per three-fold axis (of which there are 20), as around the two-fold axis 
on the T = 4 capsid.15 This consideration of potential underestimation does not apply to the 
other potential sites for epitope 3120, which are all taken to have 100% occupancy, subject to 
mutual occlusion effects.

Nevertheless, statistical significance is assigned by all techniques to the higher degree of bind-
ing observed for the T = 4 capsid compared to the T = 3 capsid which is in good agreement 
with our observations of Fab 3120 binding more readily to T = 4 compared to T = 3. 

Estimating particle size by IMMS and GEMMA. In addition to providing an estimate of the 
mass of a particle, MS (and in particular ion mobility mass spectrometry (IMMS)) and GEM-
MA can also estimate their size, or diameter, assuming them to be approximately spherical. In 
IMMS, ions migrate through a neutral buffer gas under the influence of a weak electric field, 
whereby they separate according to their size, shape and charge.27,29 The resulting experimen-
tally determined drift time is converted to a rotationally averaged collisional cross-section 
(CCS), from which the diameter is derived. In GEMMA, the particle diameter can be similarly 
derived, though in this case from the electrophoretic mobility of singly charged ions through 
a bipolar gas.31,39 
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IMMS derived diameters of unbound T = 3 and T = 4 capsids, 30.5 and 34.3 nm respectively, 
are consistent with previously published IMMS data18 and in good agreement with cryo-EM 
data, according to which the unbound HBcAg capsids are hollow shells with diameters of 32 
nm (T = 3) and 36 nm (T = 4)1 (Figure 7). 

Furthermore, upon Fab 3120 binding, a similar increase in diameter is observed by IMMS and 
cryo-EM (Figure 7). Diameters derived from GEMMA measurements were however consider-
ably smaller than those observed by IMMS or cryo-EM, an effect consistent with previously 
published GEMMA data.37,38 Potential reasons include the desolvation of particles during the 
GEMMA process,53,54 although this is unlikely since this effect is not observed in the IMMS 
data (also obtained at ambient pressure). More probable is the calibration method employed 
which lacks well-defined appropriate values in the high mass region. By scaling the EMD 
values via a somewhat arbitrary recalibration (multiplicative factor of 1.3 obtained upon com-
parison of cryo-EM and GEMMA data for unbound HBcAg) the resulting values indicated 
a more similar increase in HBcAg diameter upon Fab binding as observed by cryo-EM and 
IMMS (Figure 7). 

That the masses and dimensions obtained by IMMS and GEMMA are in good agreement 
with those previously obtained in the hydrated state by cryo-EM implies that the structures 
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Figure 7: Comparison of capsid diameters for; (1) T = 3, (2) T = 4, (3) Fab 3120-bound T = 3, (4) Fab 3120-bound 
T = 4, as determined by IMMS (M)¥, GEMMA (G)§ and cryo-EM (E)†. ¥Maximum standard deviation for repeat 
IMMS measurements = ± 0.6 nm; §GEMMA derived diameters scaled to the diameters of unbound capsids as deter-
mined by cryo-EM;  †taken from.1,15 
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of the capsids, and the Fabs, are largely retained in vacuo during our MS analysis. That the 
3120 epitope is conformational further supports the assumption that the capsids retain much 
of their native structure in the gas phase. 

Monitoring of Fab E1 binding to HBcAg. The potential of MS and GEMMA for rapid charac-
terisation of immune complexes led us to explore the binding of a second antibody, this time 
directed at the α-determinant, located on the spike. Fab E1 is derived from IgG associated 
with HBV-induced acute liver failure.55 The binding of Fab E1 to HBcAg was monitored es-
sentially as described above (Figure S11 and S12). Native MS and GEMMA indicated similar 
trends in that occupancy is highly dependent on the amount of Fab available, whereby at low 
mixing ratios of Fab E1 to HBcAg, HBcAg occupancy is suboptimal and only as the mixing 
ratios approach stoichiometric amounts is saturation reached (average Fab E1 : Cp149 dimer, 
1.2:1 ± 0.1 for both T = 3 and T = 4). Comparison of Fab E1 binding (at saturation) derived from 
native MS and GEMMA measurements, showed good agreement in the relative amounts of 
Fab E1 that binds the T = 4 capsid compared to the T = 3 capsid (T = 4/T = 3 of 1.34 from native 
MS and 1.32 from GEMMA). These numbers are consistent with the cryo-EM-derived account 
relating the amount of Fab E1 that binds to the number of available capsid spikes (the ratio 
of available spikes between the two capsids is 120 : 90, i.e. 1.33). The similar trends observed 
for Fab E1 binding to both T = 3 and T = 4 capsids, with similar mixing ratios required for 
saturation, suggests that there is a basic difference between the Fab E1 epitope and the 3120 
epitope. This may reflect the peripheral location of E1 binding to the spike, whereas the Fab 
3120 epitope involves residues from two Cp dimers in the floor region. The increase in capsid 
diameter upon Fab E1 binding was similar to that observed upon Fab 3120 binding (~20-30% 
for both capsid forms), indicating that whilst native MS and GEMMA can detect the increase 
in diameter, they cannot yet discriminate between the binding of Fabs to different epitopes. 

Conclusions

The presence of two different icosahedral capsids (T = 3 and T = 4) by HBcAg, in vitro and 
in vivo, is quite unusual in comparison to other viruses, in which the T number tends to be a 
uniquely defined property. The reason for the formation of these two capsids remains elusive 
and little is known about their differing properties. Here we reveal by native MS and GEMMA 
differences in binding properties of the T = 3 and T = 4 capsids to a naturally occurring  HBV 
antibody. This capability highlights that there are clear differences between the surface prop-
erties of the two capsids that affect their respective antigenicity. Using ESI coupled to native 
MS and GEMMA we have shown that complexes of capsids and antibodies can be maintained 
in the gas phase, even when such particle masses approach 8 MDa. Additionally, we have 
used MS and GEMMA to monitor the titration of HBcAg with two different Fabs, and shown 
how Fab occupancy of the HBcAg depends on the availability of Fab. This represents a unique 
application of both native MS and GEMMA, and demonstrates that these techniques can be 
used to rapidly characterise binding interactions. Further refinement of the Fab occupancy 
could be made using cryo-EM, but only at the cost of increased analysis time. MS and GEM-
MA have the potential to enable the rapid analysis of very large, heterogeneous and dynamic 
macromolecular systems. 
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Abstract

The e-antigen (eAg), a non-particulate form of hepatitis B virus (HBV), does not appear to 
play a role in either infection or viral replication. Instead it has an immunoregulatory func-
tion in promoting viral persistence, the mechanisms of which are only partially understood. 
eAg is an extended form of the HBV capsid protein (cAg) with an additional ten residues at 
the N-terminus (the propeptide), whereby a cysteine within this extension forms a  C(-7)-C61 
intramolecular disulphide bond, allowing eAg to adopt a dimeric conformation quite distinct 
from cAg. This dissimilarity in conformation likely forms the basis of the profound differ-
ences in the properties of these two species. Significantly, whilst eAg does not form capsids, 
in vitro reduction of the intramolecular disulphide bond enables the (hampered) formation 
of capsids, suggesting that reduced eAg adopts a cAg-like conformation. In this study we 
use HDX-MS to investigate and characterise the conformational flexibility of cAg, eAg and 
reduced eAg. Additionally, we compare the hydrogen exchange (HX) profiles of unassem-
bled cAg with cAg in assembled capsids. Our data reveal that cAg and eAg exhibit distinct 
structural features with significantly different HX dynamics. Furthermore, we demonstrate 
that the HX dynamics of reduced eAg are quite distinct from eAg, and resemble more closely 
that of cAg for many, albeit not all, regions. Consistent with previous observations our data 
indicates that unassembled cAg and cAg in assembled capsids adopt similar conformations, 
although significantly, we identify regions in unassembled cAg of increased flexibility. To-
gether these data highlight the high level of conformational flexibility of the closely related 
naturally co-occurring dimeric HBV species.

Introduction

The hepatitis B (HBV) vaccine is 95% effective in preventing infection, however more than 
240 million people suffer from chronic liver infection and it has been estimated that around 
600,000 people die every year due to acute and chronic HBV infection.1 It is these latter aspects 
of the infection that remain a considerable challenge. HBV belongs to the family of the hepad-
navirus, an enveloped virus with a nucleocapsid (HBcAg) consisting of the capsid protein 
(also termed cAg) encapsulating a 3.2 kb partially double-stranded circular DNA (cDNA) 
genome. During HBV infection, the mature virus as well as additional forms of HBV, one of 
which is the e-antigen (eAg), are capable of activating the hosts immune system. cAg and eAg 
are highly homologous, in that they represent two different forms of the same gene coding for 
the capsid protein of HBV. Notably, whereas cAg is capsid assembly competent, eAg does not 
form viral capsids. eAg exists as a 17 kDa protein that is secreted from the host cell during vi-
ral replication. It does not appear to play a role in either infection or viral replication,2,3 instead 
to have an immunoregulatory function in promoting viral persistence.4 Perinatal transmis-
sion of HBV by eAg positive HBV infected mothers leads to a high chronicity rate in infected 
babies, whereas infection by HBV infected mothers that are eAg negative results in acute 
rather than chronic infection.5,6 This suggests that eAg may represent a viral strategy for HBV 
persistence during HBV transmission.7 Furthermore, in adults, with chronic HBV infection, 
secreted eAg has been linked to the elimination of eAg and HBcAg specific T-cells thus allow-
ing for viral persistence.8 In fact, the antigen has long been an indicator of infection through 
the predominance of antibodies against eAg in the serum of infected patients.9 Whilst the role 
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of eAg in activating the immune system at different stages of acute and chronic infection are 
only partially understood,10,11 its high evolutionary conservation in the Hepadnaviridae family 
suggests the importance of its function.12 

The structure of the HBcAg capsid protein (cAg) comprises of a 149 residue assembly domain 
and a 34 residue C-terminal arginine-rich domain (Figure 1a). From crystallographic data 
it has been established that the assembly domain allows for the formation of cAg dimers, 
which are stabilised by an intermolecular four-helix bundle and a disulphide bond within 
the bundle (Cys61)13-15 (Figure 1a). Assembly into capsids both in vitro and in vivo, forms two 
particles with icosahedral morphologies, corresponding to the triangulation numbers T = 4 
and T = 3 and consisting of 240 and 180 monomeric subunits, respectively.14 The arginine-rich 
domain is responsible for interactions with the viral genome.16,17 Truncation to remove this 
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Figure 1: Schematic illustrating the different domains constituting the monomers of; (a) cAg, (b) eAg and (c) 
reduced eAg. In vitro characterisation of cAg often uses a construct in which the arginine-rich domain has been 
removed (Cp149). The crystal structures of dimeric cAg and eAg show the monomers to adopt a similar secondary, 
mostly α-helical, structure but a radically different quaternary conformation. The crystal structure of reduced eAg 
is unknown. The cAg dimer (a) is stabilised by a C61-C61 intermolecular disulphide bond. In eAg (b) a C(-7)-C61 
intramolecular disulphide prevents the formation of the C61-C61 intermolecular disulphide bond. Reduction and 
alkylation of eAg (c) prevents both the intra- or intermolecular disulphide from forming. The numbering scheme 
adopted in this work to describe all three species is indicated in (d) whereby the amino acid at position  -10 of eAg 
corresponds to residue 1, and the amino acid at position 1 in cAg corresponds to residue 10.
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domain leads to the formation of capsids that are structurally indistinguishable from capsids 
formed from the full length construct hence most in vitro studies are carried out using this 
truncated Cp (Cp149).18 

The sequence of the eAg monomer comprises an additional ten N-terminal residues (i.e. the 
propeptide) in addition to the assembly domain terminating at residue 149 (Figure 1b).19 Only 
recently has the crystal structure of the eAg dimer been elucidated, revealing a substantially 
different conformation compared to the cAg dimer20 (Figure 1b). Whilst the α-helical folds of 
the cAg and eAg monomer are essentially preserved, the propeptide that is only present in 
eAg adopts a loop structure forming an intramolecular disulphide bond between C(-7) and 
C61, thereby preventing eAg from forming a cAg-like structure. Thus distinctively, eAg con-
tains an intramolecular disulphide bond whereas cAg contains a intermolecular disulphide 
bond (C61-C61). Previously the Cys-Cys intramolecular stabilising disulphide bond has been 
reported as critical for the secretion of eAg.21-23 This difference in conformation between cAg 
and eAg is likely the basis of the profound differences in the properties of the two species with 
respect to solubility,24 assembly,20,24 immune response25 and antibody recognition.26-29 Signifi-
cantly, whilst eAg does not form capsids, in vitro reduction of the intramolecular disulphide 
bond does enable the (hampered) formation of capsids.20,22,24 Moreover, the melting tempera-
ture of eAg has been shown to be 14°C lower than cAg, whereas the melting temperature of 
reduced eAg is more similar to cAg.24 This may imply that disruption of the intramolecular 
disulphide bond allows for eAg to adopt a cAg-like conformation, furthermore, that its struc-
ture must be more dynamic compared to eAg. 

Hydrogen deuterium exchange in combination with mass spectrometry (HDX-MS) can be 
used to monitor the dynamic flexibility of a system.30-34 HDX relies on the exchange of a pro-
tein’s hydrogen atoms for a solvent’s deuterium atoms,35,36 the kinetics of which is dependent 
on an atom’s location in the protein, its involvement in intramolecular hydrogen bonds and 
exposure to solvent; factors ultimately related to the conformation a protein adopts. Further-
more, both pH and temperature affect the rate of exchange.37-39 In conjunction with MS the 
exchange of amide backbone hydrogens are monitored. Among the wide variety of HDX-MS 
applications, it has been used to study a number of viral related processes that include; capsid 
assembly and maturation of human immunodeficiency virus (HIV);40-43 maturation of bacte-
riophage P22;44 pH-induced transitions in brome mosaic virus (BMV)45 and structural analy-
sis of the human rhinovirus (HRV14).46 More recently, we applied this approach to monitor 
the dynamics of HBcAg and its interaction with two antibodies, Fab E1 and Fab 3120, with 
distinct binding epitopes.47 We showed that the binding of both Fabs had the overall effect of 
increasing the capsid rigidity, consequently dampening or suppressing its breathing.

Here we investigate and characterise the dynamics of both cAg and eAg using HDX-MS, to 
further understand the differences between cAg and eAg beyond those revealed by the crys-
tal structures. The earlier observation that eAg, upon reduction (termed reduced eAg) can 
form an assembly competent species, led us to also investigate the dynamics of this transition 
and examine the structure of reduced eAg in absence of the intramolecular disulphide bond 
(Figure 1c). Our data reveal, with peptide level resolution, that cAg and eAg exhibit distinct 
structural features, with significantly different hydrogen exchange dynamics. Furthermore, 
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that the HDX dynamics of reduced eAg are quite distinct from eAg, and resemble more close-
ly that of cAg for many, albeit not all, regions.

Materials and methods

Preparation of cAg, eAg and reduced eAg. The cAg construct Cp149.2CA.G123A consists 
of residues 1-149 with cysteines at positions 48 and 107, and glycine at position 123 changed 
to alanine to prevent capsid formation. Previous circular dichroism (CD) and UV data for 
this construct did not indicate any significant difference in secondary structure compared to 
Cp149 dimer dissociated from assembled capsids.24 The eAg construct Cp(-10)149.2CA con-
sists of residues -10 to 149 with cysteines at positions 48 and 107 changed to alanines. Both 
cAg and eAg were prepared as previously described.24 Both constructs were buffer exchanged 
from 100 mM sodium carbonate (pH 9.6) into an aqueous ammonium acetate buffer (200 mM) 
at pH 6.8 using an Amicon Ultra 0.5 mL centrifugal filter (Millipore, Billerica, MA) with a 
molecular weight cut-off of 5 kDa. To prepare reduced eAg, a portion of the buffer exchanged 
eAg was incubated with 7 mM dithiothreitol (DTT) for 4 hr. Reduced cysteines were subse-
quently alkylated by incubation with 5 mM iodoacetamide (IAA) for 30 mins in the dark, with 
subsequent buffer exchange into 200 mM ammonium acetate, pH 6.8 to remove excess rea-
gents. Expression and purification of Fab E1 has been previously described48 and was buffer 
exchanged as detailed above. Dimeric constructs were mixed with Fab E1 at ratios of Cp149 
dimer:Fab E1 of 1:0.5, 1:1 and 1:2. 

Hydrogen deuterium exchange-mass spectrometry (HDX-MS). A 30-fold dilution with ei-
ther H2O, pH 7 for non-deuterated experiments, or deuterium oxide (Sigma Aldrich, Ger-
many), pD 7 for deuterated experiments was carried out for cAg, eAg and reduced eAg, and 
incubated at room temperature for time intervals of; 0 min for the non-deuterated experi-
ments and 1 min, 10 min, 60 min, 240 min for the deuterated experiments. The deuteration 
reaction was quenched by pH reduction to 2.5 with a 1:1 dilution using ice cold 4 M guanidine 
hydrochloride with 200 mM tris(2-carboxyethyl)phosphine (TCEP) adjusted to pH 1.9, lead-
ing to an overall sample volume of 60 µL. Quenched samples at a final Cp149 dimer con-
centration of ~2-4 pmol/µL were immediately injected into a 50 µL injection loop on a nano-
ACQUITY UPLC system with HDX technology49 (Waters Corporation, Milford, MA, USA). 
Online digestion was performed using an immobilised pepsin column with 0.05% formic acid 
in H2O, (flow rate of 200 µL/min), held at a temperature of 15°C. Peptides were trapped and 
desalted online using an ACQUITY UPLC BEH C18 1.7 µm VanGuard Pre-column (Waters) 
at 0°C, with subsequent elution  onto an ACQUITY UPLC BEH C18 1.7 µm, 1 mm x 100 mm 
column (Waters) held at 0°C. Peptide separation utilised a 8 min linear acetonitrile gradient 
(5%-85%) containing 0.1% formic acid (flow rate of 40 µL/min). The eluent was directed into 
a Xevo G2 instrument (Waters) with electrospray ionization and lock-mass correction (using 
leu-enkephalin peptide). Mass spectra were acquired in MSE mode over the m/z range 50-2000. 

To minimise sample carry over from the pepsin column three blank injections were performed 
between each sample injection.50 These consisted of; (i) injection of 5% acetonitrile, 5% isopro-
panol and 20% acetic acid with a 7.5 min trapping step and an 8 min gradient that alternated 
between high and low (10%-90%) acetonitrile containing 0.1% formic acid, (ii) injection of 2M 
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guanidine hydrochloride in 100 mM sodium phosphate, adjusted to pH 2.5, run under the 
same trapping and gradient as described in (i) and (iii) injection of the ‘quench’ solution run 
under the conditions used to analyse cAg and eAg. 

Peptides were identified from the non-deuterated sample using ProteinLynx Global Server 
2.5 software (Waters) and a databank containing the Cp(-10)149.2CA sequence. 

Calculation of exchange data. Deuterium uptake was calculated and compared to the non-
deuterated sample using DynamX 1.0.0 software (Waters), for the peptide candidates gener-
ated using the ProteinLynx Global Server. Only peptides observed in both the non-deuterated 
and deuterated samples were considered further. All blanks were analysed for the presence 
of carry over. Experiments were carried out in triplicate at each time point. Absolute deu-
terium incorporation at a given time point was determined by comparison with t = 0 in the 
non-deuterated sample. The deuterium incorporation at a given time point corresponded to 
the centroid value across the backbone amide population. Results were averaged across rep-
licate analyses at a given time point and the standard deviation determined. To examine the 
differences in a comparable way, the absolute deuterium uptake for each peptide (Da) was 
converted to a percentage deuterium uptake taking into account the number of amino acids 
per peptide, excluding the N-terminal residue and any proline residues. The relative differ-
ence in the % deuterium uptake between cAg, eAg and reduced eAg, for a given peptide, was 
calculated and significance ascribed by t-testing whereby a p-value p ≤ 0.05 confirmed signifi-
cance. Peptides were selected for comparison to ensure maximum sequence coverage and to 
be representative of other peptides covering a similar sequence.  For peptides in which EX1-
type kinetics was observed upon deuterium incorporation, the software HX Express2 (version 
20) was used to plot binomials and deconvolute the bimodal distribution.51 

Native Mass Spectrometry. High resolution mass spectra were recorded on a modified Q-
ToF II instrument (Waters, Manchester, UK) in positive ion mode.52 Voltages and other gas 
pressures were optimised for the transmission of non-covalent protein complexes53,54 and a 
collision gas of xenon was used.55 Briefly, the capillary and cone voltages were kept constant 
at 1.35 kV and 120 V, respectively. The voltage before the collision cell (collision energy (CE)) 
was held at 20 V for MS analysis and increased to ~80-100 V for MSMS analysis. Ions were 
introduced into the source at an increased pressure of 6 mbar. All HBV related dimers were 
analysed at concentrations of 5-10 µM. 

Results and discussion

The cAg construct used in this study consists of 149 amino acids (Figure 1a), however in eAg 
the additionally ten N-terminal amino acids present in the propeptide leads to a length of 159 
amino acids (Figure 1b). To avoid confusion we adopt a numbering that is in accordance with 
eAg monomer length, whereby the residue at -10 is renumbered as residue 1. Since residues 
1-10 are absent in cAg, residue 11 is indicative of residue 1 of the cAg sequence (Figure 1d).

HDX-MS of cAg. LC-MSE analysis of pepsin-digested cAg identified a total of 43 peptides, 
many of which were partially overlapping in sequence, leading to an overall coverage of 90%. 
Deuterium exchange of the backbone amide hydrogens was carried out for exposure times 



101

ch
ap

te
r 5

of 1 min, 10 min, 60 min, 240 min, and the relative deuterium uptake compared to time zero 
(t = 0) was determined for each peptide. As displayed in Figure 2a, regions exhibiting the 
highest levels of deuterium incorporation (33-61% per peptide) were regions in the vicinity 
of the spike tip (peptide 81-93), the α4 helix (peptide 99-107), the C-terminal arm (peptide 
136-150) and the C-terminus (peptide 151-159). These findings are consistent with their loca-
tion in more exposed regions of the structure. Marginally less deuterium uptake (19-41% per 
peptide) was observed for the α2 helix (peptide 34-43) and the α4b helix (peptide 102-114). 
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Figure 2: Deuterium uptake in cAg. (a) The averaged % of deuterium incorporation for peptides spanning the cAg 
sequence at increasing deuterium exposure times of; 1 min (pale grey), 10 min (medium grey), 60 min (dark grey) 
and 240 min (black). (b) A bimodal uptake of deuterium is observed for the peptides indicated on the cAg crystal 
structure, suggesting conformational heterogeneity specifically in these regions. (c) Peptides (11-25, 34-47, 104-114 
and 136-150) which display EX1-type kinetics can be distinguished by the presence of two isotopic distributions 
in the mass spectra. The deuterium incorporation of these distributions can be deconvoluted by fitting Gaussian 
distributions to the slow exchanging species (grey) and the fast exchanging species (black). (d) The center of these 
distributions can be used to plot the deuterium uptake in relation to the deuterium exposure time. Since the m/z of 
both distributions also changes with increasing exposure time, the displayed kinetics are likely a mixture of EX1 
and EX2.
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The lowest levels of deuterium incorporation (8-21% per peptide) were found for the α1 helix 
(peptide 26-33), the α2 and α3 helices (peptide 48-65) and the α4 and α5 helices (peptide 114-
126). 

With the exception of peptides 102-114 and 136-150, a single deuterium uptake distribution 
was observed for all other peptides. The m/z of this distribution increased with increasing 
deuterium exposure time, and is therefore consistent with EX2-type exchange kinetics. In 
contrast, peptides 102-114 and 136-150 were observed, at the shortest deuterium exposure 
time (1 min), with a bimodal uptake in deuterium (Figure 2b and c). More prominent bimodal 
distributions were observed in the region of the N-terminus (peptide 11-25) and the α2 helix 
(peptide 34-47) (Figure 2 b-d).  In all cases, the lower m/z distribution corresponds to a slower 
exchanging, more protected conformer and the higher m/z distribution corresponds to a faster 
exchanging conformer.

The presence of two distinct populations in which the intensities, but not the m/z change with 
increasing deuterium exposure are indicative of EX1-type kinetics. More commonly, and as 
observed in our data, a mixture of EX1- and EX2-type kinetics are observed since both the 
m/z of the lower and higher distribution increase with increasing deuterium exposure time. 
The process of hydrogen exchange in structured proteins constitutes a kinetic competition 
between localised unfolding (that breaks intramolecular hydrogen bonds) and refolding, and 
chemical exchange (exchange of hydrogen for deuterium). If localised refolding is faster than 
chemical exchange, then localised unfolding must occur many times for successful exchange 
(EX2 kinetics).56 However, if the rate of chemical exchange from the unfolded form is faster 
than localised refolding, then multiple amide hydrogens can cooperatively become exchanged 
in a single unfolding event before refolding occurs (EX1 kinetics).57 While all proteins undergo 
EX2-type exchange kinetics at physiological pH, only a few proteins have been documented 
to undergo EX1 kinetics.57-60 More commonly they have been identified by perturbation of a 
protein system through the addition of certain reagents.61-63 Moreover, EX1-type kinetics can 
be wrongly attributed to peptides as a result of carryover between injections,50,64 a factor we 
believe can be excluded from our own measurements due to extensive washing of the pepsin 
and LC columns between sample injections (see Materials and methods). 

What these bimodal distributions therefore suggest, is a degree of conformational heteroge-
neity in these specific regions of cAg. This is not completely unexpected, as by NMR increased 
flexibility at the termini of cAg has been observed.65 A more recent IMMS study of the effect 
of several cAg C-terminal truncations, indicated less occupancy of the more extended confor-
mation upon truncation, supporting the notion of a flexible C-terminus.66 Furthermore, in a 
HDX-MS study of a different Cp, the dimeric Cp (Cp2) that constitutes the T = 3 capsid formed 
by MS2 phage, EX1-type behaviour in the C-terminus of Cp2 was observed.67 Our observations 
of EX1-type kinetics for peptide 34-47 additionally indicate a degree of flexibility in the α2 
helix. The mass difference between the slow and fast exchanging species of 3-4 Da implicate 
the involvement of 3-4 residues in the cooperative unfolding. Since peptides 34-43 and 34-44 
exhibited only a binomial distribution in deuterium uptake, the likely location of partial coop-
erative unfolding is in the latter residues of peptide 34-47 and the α2 helix. 
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Comparison of HD exchange dynamics between unassembled cAg and cAg in assembled 
HBV capsids. Whether unassembled cAg has the same structure as cAg in assembled capsids 
has often been questioned. Evidence to date, mostly from crystallography studies, implies 
that the secondary structure of the monomer is essentially the same as in the assembled cap-
sid.65,68  In a recent study x-ray crystallography of cAg in intact capsids and cAg in the crystal-
lographic asymmetric unit, a trimer of dimers, supported this finding further. Significantly, 
they also demonstrated considerable displacements in the orientations of some capsid protein 
subdomains.69 It was speculated that cAg may form an assembly competent species prior to 
assembly, a notion that had previously been proposed.70,71 Since we recently used HDX-MS 
to monitor the dynamics of assembled HBcAg,47 a comparison between the deuterium uptake 
for unassembled cAg with that observed for cAg in assembled capsids is warranted (data 
presented in Figure 2a and Figure 3).  Although identical peptides were not always observed 
upon pepsin digestion, those of similar length can roughly be compared. Remarkably, the 
deuterium incorporation was similar in many regions of the structure especially in the solvent 
exposed regions of the α2 helix, spike and the C-terminus. 

As expected, and as the data clearly indicates, a much lower level of deuterium incorporation 
is observed for cAg in assembled capsids at those regions involved in interdimer interactions 
(peptides 99-113, 114-127 and 132-150) (Figure 3). Excluding these regions, the similarity in 
deuterium uptake for all other regions strongly implies that the secondary structure in unas-
sembled cAg is essentially the same as cAg in assembled capsids. Notably however, there was 
no evidence of bimodal exchange in the peptides derived from cAg in assembled capsids in-
dicative therefore, of solely EX1-type behaviour. This implies a lower level of conformational 
flexibility for cAg in assembled capsids compared to unassembled cAg, for those regions 
exhibiting bimodal exchange patterns in unassembled cAg. 

HDX-MS of eAg. LC-MSE analysis of pepsin-digested eAg identified a total of 48 peptides, 
covering 84% of its sequence. The deuterium uptake in eAg was monitored as described for 
cAg. Similar trends in deuterium uptake were observed for eAg compared to cAg with re-
spect to regions of high and low deuterium incorporation (Figure S13a). Generally however, 
the deuterium uptake of peptides in eAg was higher. This is consistent with previous bio-
physical data showing eAg to be less stable than cAg (melting temperatures of 51°C and 65°C, 
respectively).24 Another interesting observation is that there was little evidence of bimodal 
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exchange kinetics, EX1-type behaviour, for any of the peptides measured. Peptides resulting 
from the propeptide (residues 1-10) were not observed since this region is involved in the 
intramolecular disulphide from C(-7) to C61. Hence no information pertaining to the type of 
kinetics in the region preceding residues 13-22 could be inferred.

HDX-MS of reduced eAg. eAg was subjected to disulphide bond reduction of the intramolec-
ular C(-7) to C61 bond, with subsequent alkylation to retain the reduced state of the cysteines 
and to prevent the potential formation of an intermolecular C61-C61 bond. MS confirmed the 
alkylation state of reduced eAg with tandem MS analysis confirming the absence of a C61-C61 
bond. Gas phase dissociation during activation in tandem MS of eAg led to its dissociation to 
eAg monomers. In contrast in cAg, due to the presence of the C61-C61 bond monomers were 
not dissociated, instead limited fragmentation of the monomer chain was observed. Activa-
tion during tandem MS of reduced and alkylated eAg led to monomeric dissociation consist-
ent with tandem MS of oxidised eAg, therein confirming the absence of an intermolecular 
C61-C61 bond. Furthermore, during LC-MSE analysis of pepsin-digested reduced eAg, which 
identified a total of 52 peptides (91% sequence coverage), the N-terminal residues 1-8 were 
observed in the presence of a carbamidomethyl modification (Figure S13b). Generally, the 
levels of deuterium incorporation were quite distinct from that of non-reduced eAg. Instead 
they more closely resembled the level of deuterium incorporation of cAg, with evidence of 
bimodal exchange, and thus EX1-type behaviour, for equivalent regions observed in cAg, i.e. 
the N-terminus (not including the propeptide), the α2 helix, the α4b helix and the C-terminal 
arm (Figure S14). 

Comparing the deuterium incorporation between cAg, eAg and reduced eAg. X-ray crystal-
lography has provided vital insights into the structure of both cAg and eAg. As previously 
mentioned whilst the helical folds are alike, small variations are apparent in the region of the 
spike, the loop between the α2 and α3a helices and the C-terminal loop.20 Significantly, the 
tertiary dimeric structures are radically different (Figure 1a and b). Although dimerisation of 
eAg involves the same molecular surfaces as cAg, a relative rotation of ~140° around the axis 
near the top of the α3 helix leads to a quite distinct orientation (Figure 1b). The presence of 
the propeptide appears to sterically block formation of a cAg-like conformation. The observa-
tion that reduction of the intramolecular disulphide bond allows, in vitro, for the formation 
of capsids,20,22,24 suggests that reduced eAg must occupy a structure quite distinct from eAg. 
We hypothesised that by comparing the HX dynamics of cAg and eAg a more thorough un-
derstanding of the difference in dynamics between the two structures could be made. Fur-
thermore, that a comparison with reduced eAg would enable a more comprehensive insight 
into the type of structure that reduced eAg adopts and the specific role of the intramolecular 
disulphide bond. 

Schematically illustrated in Figure 4 for a single time point (60 min) similarities and differ-
ences between the three species analysed are visually represented. Significant differences in 
deuterium incorporation between cAg and eAg, and also between eAg and reduced eAg are 
apparent, as is the higher similarity in the uptake between cAg and reduced eAg (Figure 
4, Tables S6-8). This already suggests that eAg adopts a significantly different structure to 
both cAg and reduced eAg, and that reduced eAg adopts a structure more similar to cAg. 
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A detailed inspection of the data allows for a more in-depth insight into the nature of these 
similarities and differences for all three species analysed (Figure 5, Tables S6-8). 

Considering the regions N-terminal to the spike, i.e. the α1 helix (peptide 26-33), the α2 helix 
(peptide 34-43) and the base of the α2 and α3 helices (peptide 48-65), the deuterium incorpo-
ration is essentially the same for cAg and reduced eAg and both significantly lower than ob-
served for non-reduced eAg (Figure 5i & ii). Overlaying the crystal structures of the cAg and 
eAg monomers highlights the structural differences at these regions. These differences are 
likely the origin of the altered levels of hydrogen exchange that are observed. The increased 
level of deuterium incorporation in eAg implies a more exposed and/or flexible structure in 
these regions, compared to both cAg and reduced eAg. 

In the region of the spike the behaviour of all three analysed species is different, with eAg less 
distinct from both cAg and reduced eAg. For peptide 79-83, which encompasses residues in 
both the α3 helix, the loop at the spike tip, and the α4a helix, the behaviour is consistent with 
that described for the region before the spike, whereas for peptides 81-93 and 86-93 a different 
pattern emerges (Figure 5ii). For peptide 81-93 the deuterium uptake is significantly different 
for cAg and eAg at the early time points (1 min, 10 min), a difference that diminishes at later 
time points (60 min, 240 min). For peptide 86-93, this effect is more pronounced, with cAg and 
eAg almost indistinguishable and reduced eAg representing the outlier (Figure 5). That re-
duced eAg retains a significantly lower level of deuterium uptake in this part of the sequence 
compared to eAg implies this region is more protected in reduced eAg.

C-terminal to the spike, all three species show further indications of diverging behaviour 
(Figure 5iii). Initially however, the same pattern in deuterium incorporation as observed for 
regions N-terminal to spike, is observed in the α4 helix (peptide 99-107). As the peptide con-
stitutes more residues from the α4b helix (peptide 102-114), all three species appear to have a 
unique deuterium uptake suggesting the structure of this region is quite different.  Further-
more, in the region constituting the base of the α4b helix and start of the α5 helix (peptide 114-
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Figure 4: Schematic to illustrate the difference in % deuterium incorporation for peptides spanning the HBV 
monomer sequence at a deuterium exposure time of 60 min for; (i) eAg compared to cAg, (ii) cAg compared to 
reduced eAg and (iii) eAg compared to reduced eAg. The region of the propeptide cannot be compared since it is 
absent in cAg, and in eAg it is involved in an intramolecular disulphide bond hence a peptide is not observed. The 
N-terminus (residues 11-22) is also not comparable since this region displays evidence of EX1-type kinetics. For 
all subsequent peptides the increasing intensity of blue colour indicates a larger difference in the deuterium uptake 
between the species compared.
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126) while at the early time points a similar level of deuterium uptake is observed, at the later 
time points all three species occupy quite different conformations. Distinctively, cAg incorpo-
rates the lowest level of deuterium suggesting this region is much more compact compared to 
either eAg and more interestingly, reduced eAg. C-terminal to peptide 114-126, regions corre-
sponding to the end of the α5 helix and C-terminal arm (peptide 136-150) and the C-terminus 
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Figure 5: An in-depth comparison of the hydrogen exchange kinetics of cAg (indicated in blue), eAg (pink) and re-
duced eAg (purple) with increasing deuterium exposure time. (i)-(iii) The crystal structures represent an overlay of 
cAg (blue) and eAg (pink) monomers, illustrating regions in which the monomers have slight different orientations.
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(peptide 151-159), exhibit a clear difference in accessibility to hydrogen exchange for all three 
species. These trends suggest that this region of the dimer structure, i.e. C-terminal from the 
spike, is quite different in all three analysed species. 

Comparing the structural regions exhibiting EX1-type kinetics. EX1-type kinetics was pri-
marily observed in the latter part of the α2 helix (peptide 34-47) for both cAg and reduced 
eAg, but strikingly not for eAg and cAg in assembled capsids. We further observed that the 
slow exchanging conformer of cAg and reduced eAg incorporated a similar level of deute-
rium, likewise their fast exchanging conformers (Figure S15). This suggests both that they are 
highly flexible and that the conformations they adopt are similar. Interestingly, the deuterium 
uptake in eAg more closely resembled the fast exchanging conformer of cAg and reduced 
eAg, whereas the deuterium uptake  for cAg in assembled capsids more closely resembled 
their slow exchanging conformer. This implies a high level of flexibility in eAg consistent 
with its high level of deuterium uptake, and the more protected nature of cAg in assem-
bled capsids. Bimodal distributions were also observed in the N-terminal region for both cAg 
(peptides 11-22 and 11-25) and reduced eAg (peptide 13-22), however a direct comparison 
between the slow and fast exchanging species was more difficult due to the slightly different 
lengths of the observed peptides (Figure 2 and Figure S14). Additionally, both the α4b helix 
(peptide 102-114) and the C-terminal arm (peptide 136-150) of cAg and reduced eAg exhibited 
bimodal exchange at the shortest deuterium exposure time (1 min) (Figure 2 & Figure S14). 
There was no evidence to suggest the same behaviour in eAg or cAg in assembled capsids. 
The observed partial EX1-type kinetics hints at a conformational flexibility in these regions 
of both cAg and reduced eAg, however the different levels of deuterium incorporation at the 
later time points suggests the structures they adopt are quite distinct.

Possible immunological consequences of the conformation adopted by reduced eAg. HDX-
MS has indicated that reduced eAg adopts a conformation more similar to cAg, especially in 
the regions N-terminal to the spike with regions C-terminal to the spike occupying a more 
distinctive conformation. To examine whether this similarity in structure would be sufficient 
to impart cAg-like antigenicity, we examined its interaction with an antibody, Fab E1, that 
binds both unassembled cAg and HBcAg through a conformational discontinuous epitope 
in the region of the spike.47,72 Using similar mixing ratios in which Fab E1 binding to cAg 
was observed, its binding to eAg was first tested. No binding was observed confirming this 
antibody to specifically interact with cAg. Testing the binding affinity of reduced eAg with 
Fab E1 did not lead to its recognition by reduced eAg. This implies that despite a significant 
‘likeness’ in structure between reduced eAg and cAg, the similarity is insufficient for strong 
interactions with antibodies recognising cAg. Previous studies have compared the antigenic-
ity of cAg and eAg and while traditionally viewed as serologically distinct,26-28 a more recent 
analysis identified four, out of a panel of six monoclonal antibodies, that cross-reacted with 
both cAg and eAg.29 More significant to our work, an earlier study examined the antigenicity 
of a mutated version of eAg, whereby the C(-7) was mutated to alanine preventing the for-
mation of the intramolecular disulphide bond but allowing for the formation of the C61-C61 
intermolecular disulphide bond.21 Its interaction with an eAg specific monoclonal antibody, 
mc 158, and a cAg specific antibody, mc 312, was tested and shown to bind equally well to 
both antibodies. eAg as expected bound strongly to mc 158, and also interacted weakly with 
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mc 312. The difference between these data and our results could reflect both the presence of 
the intermolecular disulphide and/or the difference in the type of binding epitope, Fab E1 
binding through a discontinuous conformational epitope on cAg and mc 312 a linear non-
conformational epitope. 

Dynamic nature of cAg, eAg and reduced eAg. The high plasticity of the HBV Cp was further 
exemplified in a recent study that examined the folding and stability of cAg in both solu-
tion and the gas phase.73 It was reported that cAg folds through a three-state transition with 
population of a stable dimeric α-helical intermediate, and moreover that mutation of different 
residues could strongly influence the population of intermediates. Our study further demon-
strates the high conformational flexibility of cAg but now in the context of its relationship to 
eAg and reduced eAg. Comparison of the HX dynamics of cAg, eAg and reduced eAg indi-
cate that it is a direct consequence of the intramolecular disulphide bond that allows eAg to 
adopt a unique conformation quite distinct from cAg, even though the difference in primary 
structure is a mere 10 residues at the N-terminus. In this conformation, the generally higher 
level of deuterium incorporation observed for most regions of eAg suggest a more flexible and 
solvent exposed structure. This high level of flexibility is further demonstrated by its ability 
to form quite a different conformation when the intramolecular disulphide bond is disrupted. 
HDX-MS data implies that reduced eAg adopts a more stable conformation compared to eAg, 
demonstrated by the generally lower deuterium uptake for all regions of its structure. The 
structural resemblance, impart, to cAg may account for the more stable structure of reduced 
eAg, a finding consistent with the higher melting temperature of cAg compared to eAg.24 

This rapid interplay between three species that are similar in both their primary and second-
ary structures, but adopt quite distinct quaternary structures clearly demonstrates their high 
conformational flexibility. Furthermore, the identification of regions in cAg and reduced eAg 
exhibiting a mixture of EX1- and EX2-type kinetics for the N- and C-termini and the latter part 
of the α2 helix, highlight regions of exceptionally high flexibility within a given conformation, 
further emphasising their highly dynamic structures.

Conclusions

The similarity in deuterium incorporation between unassembled cAg and cAg in assembled 
capsids, in all regions except those regions involved in the interdimer interactions that con-
stitute the capsid, further highlights the similar conformations adopted by the Cp. However, 
the observation of regions exhibiting a bimodal exchange pattern in unassembled cAg, in-
dicative of exchange by both EX1 and EX2-type kinetics, implies a level of flexibility that is 
absent from cAg in assembled capsids. This allows us to speculate that this level of flexibility 
in unassembled cAg may enable it to adopt an assembly competent structure prior to capsid 
assembly, as other studies have also suggested. Our HDX-MS study has also exemplified the 
important role that the propeptide plays in maintaining eAg conformation, furthermore that 
its destabilisation to form fully reduced eAg leads to a structure that although bears some 
resemblance to cAg still possesses its own unique character. This would therefore account 
for both similarities and differences in the properties of cAg and reduced eAg as we have 
previously discussed. These findings allow us to speculate the biological significance of the 
propeptide. Firstly, as a method of ensuring the structural integrity of eAg so that it can carry 
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out its biological function. Secondly, that should this structure undergo a perturbation, for in-
stance by encountering a reducing environment, the propeptide prevents eAg from forming a 
conformation identical to cAg, ensuring that it does not interfere with the biological function 
of cAg or HBcAg. 
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Summary

Our capacity to deal with many viral infections has vastly improved, largely through the 
development of successful vaccines and antivirals. However, for some viruses and through 
the emergence of new strains and more resistant strains, this has proved more challenging. 
By continuing to explore the fundamental processes underlying viruses and their interaction 
with their host, it maybe possible to treat or prevent these more challenging viral infections. 
In this thesis I probe the structure, stability and dynamics of viruses by mass spectrometry, 
more specifically I explore these aspects for a self-assembling virus-like particle (VLP) that 
has the potential as a chimeric vaccine and for the hepatitis B virus (HBV) and the HBV re-
lated e-antigen.  

In Chapter 1, I introduce both the biological system; viruses, and the analytical approach; 
mass spectrometry-based methods, that are the subject of this thesis. The general aspects of 
viral structure, viral processes and viral-host interactions are examined, and the role our un-
derstanding of these fundamental processes plays in the development of vaccines and anti-
virals for the treatment of viral infection. This is extended to a more in-depth exploration of 
the viral systems studied in this thesis; the norovirus P domain derived VLP, the P particle, 
and HBV. To probe the structure, stability and dynamics of aspects of these viral systems, 
MS-based methodologies are used. These include native MS, ion mobility mass spectrometry 
(IMMS) and hydrogen deuterium exchange mass spectrometry (HDX-MS). The fundamental 
processes underlying these technologies are described,  followed by a discussion of their role 
in structural biology and an overview of both the instrumentation and the current approaches 
and developments in these fields. Their application to the study of viruses and viral related 
processes is further reviewed.

In Chapter 2, I investigate the stability and dynamics of the P particle, important properties 
that would have implications in its use as a therapeutic vaccine. We focus on the characterisa-
tion of the P particle under reducing and non-reducing conditions, a key factor potentially af-
fected its structure due to inter-subunit disulphide bonds. We show that under non-reducing 
conditions the 24-mer is consistently observed with a small amount of 18-mer. Under reduc-
ing conditions we identify three additional oligomeric species; the dimer, the 12-mer and 
the 36-mer, and show how their dynamic equilibrium is regulated by the conditions of this 
reducing environment. Since the 18-mer and 36-mer are novel P particles that have previously 
not been observed, we use IMMS combined with molecular modelling to propose probable 
structures of these species. Additionally, we confirm the binding activity of the reduced oli-
gomers to their host receptors. Our observations from this study add new information to the 
nature of the P particle especially its dynamic nature under reducing conditions.

In Chapter 3, I explore the dynamics of the interaction of the hepatitis B virus capsid, HBcAg, 
with two antibodies, Fab E1 and Fab 3120, that bind distinct epitopes on the capsid. Initial 
examination of unbound HBcAg identified region-dependant differences in accessibility to 
hydrogen exchange. Upon Fab binding, a reduction in deuterium incorporation is observed 
both at the binding epitopes on HBcAg and regions distal to the epitopes; most significantly, 
the α2a helix and C-terminus. Consistent with the broader binding epitope of Fab 3120, an 
increased protection at many more regions of the capsid is observed. This general trend of 
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reduction in deuterium uptake upon Fab binding suggests a global rigidification of the capsid 
and suppression of its breathing motions. Furthermore, we monitored the effect of Fab E1 
binding at substoichiometric ratios of HBcAg to Fab E1 and demonstrated that dampening 
of the capsid flexibility occurs upon binding of only a few Fab E1. The work detailed in this 
study is the first time an intact virus-antibody complex, with an estimated mass above 6 MDa, 
has been examined by HDX-MS.

In Chapter 4, I describe a methodology for the characterisation of large immune complexes, 
and focus on the interaction of HBcAg with Fab 3120. Using two complementary ESI-based 
techniques, native MS and gas-phase electrophoretic mobility molecular analysis (GEMMA), 
whereby the mode of ion generation is the same but differ substantially in their mode of 
separation and detection, we show their capability to monitor such an interaction and dem-
onstrate remarkable comparability. Significantly, both techniques can monitor the concentra-
tion-dependant antibody binding process, and differentiate between the different modes of 
Fab binding to the T = 3 and T = 4 capsid morphologies, consistent with the cryo-EM model of 
binding. The different saturation levels observed for the different morphologies likely a result 
of the different binding affinity for quasi-equivalent epitopes. Application to the binding of a 
different Fab, Fab E1, identified a similar saturation level for both capsid morphologies likely 
reflecting similar modes of binding, and consistent with the cryo-EM model of binding in the 
region of the spike. Estimates of the diameter of fully saturated virus-antibody complexes by 
IMMS, GEMMA and cryo-EM indicated a similar increase in particle diameter upon binding. 
These data indicate a rapid means of characterisation of such complexes with cryo-EM pro-
viding finer detail but at the cost of increased analysis time.

In Chapter 5, I use HDX-MS to explore the dynamics of three closely related species; the HBV 
truncated Cp dimer (cAg), the e-antigen (eAg) and reduced eAg. Unlike cAg, eAg is stabilised 
by an intramolecular disulphide bond involving the propeptide and is it is this feature that is 
likely responsible for the vastly different properties of cAg and eAg. In reduced eAg this bond 
has been disrupted, and previously it has been suggested forms a cAg-like structure. Our 
HDX-MS details both the similarities and differences between these three structures. Firstly, 
eAg has a  significantly highly deuterium incorporation than reduced eAg for all regions, in-
dicating they form quite different structures with eAg adopting a more flexible conformation. 
The differences between cAg and eAg are consistent with small differences in their crystal 
structures. Most interesting is the comparison of cAg with reduced eAg whereby we show, in 
general, that regions N-terminal to the spike are indistinguishable for the two species, becom-
ing increasingly more divergent C-terminal to the spike. Challenging reduced eAg to a cAg 
specific antibody did not lead to binding, suggesting the observed ‘likeness’ of structure was 
insufficient for transfer of cAg associated immunological properties. In addition, for cAg and 
reduced eAg, we observe regions that exhibit bimodal distributions upon deuterium incorpo-
ration suggesting uptake by EX1-type kinetics and demonstrating conformational flexibility. 
These were especially prominent in the N-terminal region and the α2 helix. We also compared 
the HX profiles of unassembled cAg and cAg in assembled capsids. Consistent with previ-
ous observations our data indicates that they adopt similar conformations, although signifi-
cantly, we identify regions in unassembled cAg of increased flexibility. The rapid interplay 
between three closely related naturally co-occurring dimeric HBV species that are similar in 
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both their primary and secondary structures but adopt quite distinct quaternary structures, 
demonstrate their high conformational flexibility. 

The work detailed in this thesis allows for a more detailed insight into the structure, stability 
and dynamics of both the norovirus-derived P particle, and HBV. These results may indeed 
have an impact on the role of the P particle as a vaccine platform, and in the case of HBV in 
the treatment of chronic HBV infection.
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Samenvatting

Onze mogelijkheden om virusinfecties te behandelen zijn enorm toegenomen, met name door 
de ontwikkeling van succesvolle vaccins en antivirale medicijnen. Maar voor sommige virus-
sen en door het ontstaan van nieuwe, meer resistente, virusstammen, blijkt dit een steeds 
grotere uitdaging. Door de fundamentele processen van virussen en hun interacties met hun 
gastheer te blijven onderzoeken, zou het mogelijk kunnen zijn om ook zulke uitdagende vi-
rusinfecties te voorkomen of te behandelen. In dit proefschrift onderzoek ik de structuur, 
stabiliteit en dynamiek van virussen met behulp van massaspectrometrie (MS). Meer speci-
fiek bekijk ik deze aspecten voor een zelfassemblerend virus-like-particle (VLP), dat potentie 
heeft als een chimeer vaccin, en voor het hepatitis B virus (HBV) en het aan HBV gerelateerde 
e-antigen.

In Hoofdstuk 1 introduceer ik zowel de biologische systemen; virussen, als de analytische 
aanpak; op MS gebaseerde methoden, die het onderwerp van dit proefschrift zijn. Zowel de 
algemene aspecten van de structuur van virussen als virale processen en interacties tussen 
een virus en zijn host worden onderzocht, alsmede de rol die ons begrip van zulke funda-
mentele processen speelt in de ontwikkeling van vaccins en antivirale medicijnen waarmee 
virusinfecties behandeld kunnen worden. Dit wordt verder uitgewerkt voor de virussen die 
het onderwerp van dit proefschrift zijn; het norovirus P domain derived VLP, het P particle 
en HBV. Om te structuur, stabiliteit en dynamiek van deze virussen te bestuderen, zijn op MS 
gebaseerde methoden gebruikt, zoals natieve MS, ion mobility mass spectrometry (IMMS) 
en hydrogen deuterium exchange mass spectrometry (HDX-MS). De fundamentele basis van 
deze technieken wordt beschreven, gevolgd door discussie over hun rol in structuurbiologie 
en een overzicht van zowel instrumentatie als huidige strategieën en ontwikkelingen in het 
veld. De toepassing van deze technieken voor de analyse van virussen en virale processen 
wordt beschreven.

In Hoofdstuk 2 onderzoek ik de stabiliteit en dynamiek van het P particle, eigenschappen 
die een belangrijke rol hebben in de mogelijke toepassing van dit complex als therapeutisch 
vaccin.  We richten ons daarbij op de karakterisering van het P particle onder reducerende en 
niet-reducerende omstandigheden, wat een belangrijke factor voor de structuur, door de aan-
wezigheid van zwavelbruggen in het complex. We laten zien dat onder niet-reducerende om-
standigheden de 24-meer constant aanwezig is, net als kleine hoeveelheden 18-meer. Onder 
reducerende omstandigheden identificeren we nog drie oligomere complexen, een dimeer, 
een 12-meer en een 36-meer en laten zien hoe hun dynamisch equilibrium gereguleerd is door 
de reducerende omstandigheden. Omdat de 18-meer en 36-meer nieuwe P particles zijn, die 
niet eerder zijn aangetoond, gebruiken we IMMS in combinatie met moleculaire modeller-
ing om de waarschijnlijke structuren van deze complexen te kunnen voorspellen. Daarnaast 
bevestigen we de bindingscapaciteit van de gereduceerde oligomeren met hun gastheerrecep-
toren. Onze observaties in deze studie geven nieuwe informatie over met name het gedrag 
van het P particle onder reducerende omstandigheden.

In Hoofdstuk 3 verken ik de dynamiek van de interactie tussen het capside van het hepatitis 
B virus, HBcAg, met twee antilichamen, Fab E1 en Fab 3120, die op specifieke epitopen op 
het capside kunnen binden. Een eerste analyse van niet gebonden HBcAg toonde verschillen 
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tussen gebieden van het capside aan in toegankelijkheid voor hydrogen exchange. Na bind-
ing van de antilichamen, was een afname in de opname van deuterium zichtbaar voor beide 
epitopen op HBcAg, maar ook in gebieden ver van de bindingsplaats; met name de α2a he-
lix en C-terminus. In overeenstemming met de bredere bindingsepitoop van Fab 3120, werd 
daarbij een sterkere bescherming over een groter gebied van het capside waargenomen. Deze 
algemene trend van afname van deuterium opname na antilichaam binding suggereert dat 
het gehele capside stijver en minder dynamisch wordt. Daarnaast onderzochten we het effect 
van de binding van Fab E1 in substoichiometrische hoeveelheden in vergelijking met HBcAg 
en lieten we zien dat deze afname van capside flexibiliteit al plaatsvind wanneer slechts en-
kele FAb E1 moleculen zijn gebonden aan het capside. Het werk beschreven in deze studie 
is de eerste keer dat een intact complex van virus en antilichaam, met een totaal gewicht van 
meer dan 6 miljoen Dalton, met behulp van HDX-MS is geanalyseerd.

In Hoofdstuk 4 beschrijf ik een methode voor de karakterisering van grote immuuncom-
plexen, en focus ik op de interactie van HBcAg met Fab 3120. Voor twee complementaire ESI 
gebaseerde technieken, natieve MS en gas-phase electrophoretic mobility molecular analysis 
(GEMMA), waarbij de manier van ionisatie hetzelfde is maar er grote verschillen zijn in de 
scheiding en detectie van ionen, laten we de mogelijkheden voor het analyseren van zulke 
interacties zien en vinden een grote mate van vergelijkbaarheid in de resultaten tussen de 
verschillende technieken. Beide technieken zijn in staat om het concentratieafhankelijke bind-
ingsproces van antilichamen te volgen en kunnen onderscheid maken tussen de verschillende 
manieren waarop een antilichaam bind aan capsiden met T = 3 en T = 4 symmetrie, in over-
eenstemming met de cyro-EM modellen voor antilichaambinding. De verschillen in verzadig-
ingsniveaus voor de twee capsidevarianten zijn waarschijnlijk het gevolg van verschillende in 
bindingsaffiniteit voor de quasi-equivalente epitopen. Toepassing van de technieken op een 
ander antilichaam, Fab E1, liet een vergelijkbaar verzadigingsniveau zien voor beide capside-
varianten, wat overenkomst met de op cryo-EM gebaseerde modellen waarbij het antilichaam 
aan de spike van het capside bind. Schattingen van de diameter van een volledig verzadigd 
complex van virus en antilichaam met behulp van IMMS, GEMMA en cryo-EM laten vergeli-
jkbare toenames in de diameter van het complex  na antilichaambinding zien. Deze data sug-
gereren dat een snelle analyse van zulke complexen mogelijk is, waarbij cryo-EM analyse 
meer detail geeft, maar ook meer tijd kost.

In Hoofdstuk 5 gebruik ik HDX-MS om de dynamiek te bestuderen van drie gerelateerde 
systemen, een verkorte HBV Cp dimeer (cAg), eAg en gereduceerd eAg. eAg is gestabili-
seerd door een zwavelbrug in het propeptide, welke waarschijnlijk verantwoordelijk is voor 
de grote verschillen in eigenschappen tussen cAg en eAg. In gereduceerd eAg is deze zwavel-
brug verbroken en er is eerder voorgesteld dat dit een vorm heeft die vergelijkbaar is met cAg. 
Onze HDX-MS analyses laten zowel de verschillen als de overeenkomsten tussen deze drie 
structuren zien. Om te beginnen, eAg heeft een aanzienlijk hogere opname van deuterium 
in alle gebieden van het eiwit, wat grote verschillen in structuur suggereert, waarbij eAg de 
meest flexibele vorm zal hebben. De waargenomen verschillen tussen cAg en eAg zijn consist-
ent met hun kristalstructuren. Het meest interessante is de vergelijking tussen cAg en geredu-
ceerd eAg, waar we laten zien dat, in het algemeen, gebieden N-terminaal van de spike iden-
tiek zijn tussen de twee vormen, maar dat steeds grotere verschillen waargenomen worden 
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aan de C-terminale kant van de spike. Antilichamen specifiek voor cAg konden niet binden 
aan gereduceerd eAg, wat suggereert dat de waargenomen overeenkomsten niet voldoende 
zijn voor het overbrengen van de immunologische eigenschappen. Voor cAg en gereduceerd 
eAg zagen we bovendien gebieden met een bimodale verdeling in hun deuteriumopname, 
wat suggereert dat deuterium opname plaatsvind volgens EX1-type kinetiek en wat flexibi-
liteit in de structuur aantoont. Dit was met name duidelijk in de N-terminale gebieden en in 
de α2 helix. De snelle wisselwerking tussen drie vormen die vergelijkbaar zijn in primaire 
en secundaire structuur, maar zeer verschillende quaternaire structuren aannemen, toont de 
hoge mate van flexibiliteit in hun structuur aan.

Het werk beschreven in dit proefschrift maakt het mogelijk een grote inzicht te hebben struc-
tuur, stabiliteit en dynamiek van zowel het van het norovirus afgeleide P particle als het hepa-
titis B virus. Deze resultaten kunnen impact hebben op de rol van het P particle als platform 
voor vaccins en, in het geval van HBV, op de behandeling van chronische HBV infecties.
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Future Outlook

The work described in this thesis focussed on the study of the hepatitis B capsid (HBcAg) and 
its interactions with antibodies, and on HBV related proteins, namely the e-antigen (eAg). 
More specifically it focussed on the characterisation of these proteins and protein assemblies 
by native MS, and the monitoring of the dynamics of these systems using hydrogen deute-
rium exchange mass spectrometry (HDX-MS). At the end of this thesis I would like to describe 
a number of future perspectives of HDX-MS that I envision may help in answering further 
biological questions related to this specific biological system, and to viral-antibody interac-
tions as a whole. Furthermore, I will describe a possible outlook for the broader development 
of native MS and HDX-MS technology and application. 

Our observations of allosteric transmission upon antibody binding to HBcAg, lend the ques-
tion as to whether this is a general feature of viral-antibody interactions. Moreover, our ob-
servations that binding of only a few Fab led to global rigidification of the viral capsid, as to 
whether this effect is also observed in other viral-antibody systems. Application of HDX-MS 
to the study of different viral-antibody systems may enable further insight into the nature, 
and possible generic nature, of this mechanism. Whilst the characterisation by HDX-MS of 
empty capsids is of biological significance in that they elicit an immune response, the char-
acterisation by HDX-MS of genome filled capsids could reveal additional insights. Firstly, to 
increase our fundamental understanding of the dynamics of the interaction of the genome 
with the capsid, and secondly, by examination of their interaction with antibodies, how this 
compares to that of empty capsids. A recent cryo-EM study of the capsid formed from the full 
HBV capsid protein (Cp) construct that includes the arginine-rich domain at the C-terminus, 
did indeed reveal features that may potentially affect the dynamics of the capsid through the 
observation of an additional inner layer composed of the arginine-rich domain.1 To include 
such interactions in a structural model of a virus would enable a more complete picture. 

The application of HDX-MS to monitor the dynamics of eAg highlighted the considerable 
structural differences between eAg and the Cp (cAg), as the crystal structures of these species 
have clearly indicated. However, both studies examined the structure of in vitro purified eAg, 
its similarity to the conformation of the in vivo protein remains unknown.  Defining the crys-
tal structure of in vivo purified eAg would be a huge undertaking and very time-consuming, 
whereas our HDX-MS approach may prove a more suitable method allowing the unique HX 
profile we observed for in vitro eAg to identify similarities and differences to in vivo eAg. As 
previously discussed in this thesis eAg is required for the establishment of chronic HBV in-
fection and involved in the immunomodulation of a hosts immune responses. To understand 
both how this mechanism occurs and develop antivirals for the treatment of chronic HBV 
infection, has proved to be considerably challenging. A recent study directly implicated eAg 
in the inflammatory signalling pathway of the innate immune response.2 Interaction of eAg 
with proteins in this pathway inhibited the effect of this response, that would in its absence 
suppress viral replication. Characterisation of the dynamics of the interaction of eAg with 
these proteins by HDX-MS would not only be interesting at a fundamental level by identify-
ing the structural regions on eAg involved in the interaction, but may also contribute to the 
identification of therapeutic drug targets to modify the hosts immune response to counteract 
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the immunomodulatory effects of eAg during chronic HBV infection. 

The recent addition of a modified Orbitrap mass spectrometer to the field of native MS dem-
onstrated high resolution for a number of intact proteins and protein assemblies up to ~800 
kDa.3 Furthermore, a nanomolar level of sensitivity and a mass resolving power capable of 
differentiating various glycosylation forms of an antibody.4 Its modification for the successful 
transmission and detection of even larger protein complexes, more specifically intact viruses 
and virus-antibody complexes, may enable the higher resolution of these species. In turn, this 
may overcome some of the problems associated with the MS analysis of viruses whereby the 
heterogeneity present in some viral preparations often hampers the resolution of the different 
populations, and consequently the mass accuracy. 

Despite, or because of, the recent technological progress in HDX-MS a number of issues have 
emerged. Of these an improvement in the spatial resolution of the technique from peptide 
level resolution towards amino acid residue resolution remains foremost in these challenges.  
Amino acid resolution may provide insight into protein folding and dynamics, and also site-
specific information in protein-ligand interactions. The use of electron transfer dissociation 
(ETD) for gas phase sequencing of peptides5-7 (as discussing in Chapter 1), may provide the 
means of achieving this goal. At present, factors limiting this approach include; fragmentation 
efficiency, precursor selection from complex samples, ESI parameters and the lack of software 
for interpretation of HDX ETD data. However, as our understanding of the process increases 
and software developed, and the technique undergoes a more wide spread implementation, 
these factors maybe overcome. The use of ETD within an LC-MS setup in which only certain 
peptides are selected for interrogation by ETD is, at present, more feasible. It should, how-
ever, be noted that for some applications amino acid resolution may not prove to be more 
useful than the current peptide level resolution, since often it is important to understand the 
effect on the dynamics of a structural domain rather than a particular residue. 

The increased application of HDX-MS by a wider community and advances in both instru-
mentation and software, combined with improvements in our fundamental understanding 
of the factors affecting the HX process, has enabled vast improvements in the reproducibility 
and speed of the technique, more especially in conjunction with the use of robotics to auto-
mate many of these processes.8-10 Consequently, the inclusion of this methodology within 
the biopharmaceutical industry is conceivable and already being examined.11,12 The intrinsic 
relationship between the conformation of a protein complex and its function, for example in 
binding to a target molecule or catalysing an enzymatic reaction, indicate the necessity for 
a method to characterise a proteins conformation. Furthermore, manufacturers of biophar-
maceuticals must demonstrate to regulatory authorities the comparative consistency of the 
structural complexity of different batches of the manufactured biopharmaceutical.  HDX-MS 
provides an easily accessible system for high spatial resolution of dynamics, and a quick and 
reliable work flow to demonstrate conformational consistency of the manufactured biophar-
maceutical.  It would however, require further progress in the standardisation of the method-
ology through the development of standard operating procedures from both sample prepara-
tion to data processing, that would need to be applied across the industry. The ultimate goal 
within this industry would be the high throughput screening of conformational changes. 
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Chapter 2

Structure, Stability and Dynamics of Norovirus P Domain Derived Protein Com-
plexes Studied by Native Mass Spectrometry
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Figure S1: Comparison of the 
extent of dissociation during tan-
dem MS for non-reduced (NR) 
and reduced (R) 18-mer. Graph 
to show the extent of dissociation 
(expressed as the relative precur-
sor ion abundance in comparison 
to the abundance of dissociation 
products) during CID at different 
collision voltages for precursor 
ion m/z 11,428 Da (+57) corre-
sponding to NR 18-mer, and pre-
cursor ion m/z 11,437 Da (+57) 
corresponding to R 18-mer. For a 
given collision voltage, increased 
dissociation of R 18-mer com-
pared to NR 18-mer is observed.
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Figure S2: Confirmation of 12-mer stoichiometry using tandem MS. Tandem mass spectrum corresponding to 
CID of R 12-mer precursor ion m/z 9451.8 Da (+46) using a collision voltage of 200 V. Dissociation of the isolated 
precursor ion forms the monomer and 11-mer.
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Figure S3: Comparison of the experimentally derived CCSs of non-reduced and reduced P domain complexes, 
with theoretically calculated CCSs using the PA algorithm. A plot of the calibrated experimental CCS (nm2) for the 
different P domain complexes (grey line) in which the dark grey circles represent the CCS for non-reduced P domain 
complexes (18-mer and 24-mer), and the light grey circles represent the CCS for reduced P domain complexes (12-
mer, 18-mer, 24-mer and 36-mer). Theoretically calculated CCSs using the PA algorithm (black circle and line) are 
shown. Multiple theoretical structures (A-D) for the 36-mer are indicated (see Chapter 2, Figure 6b) whereby; A 
corresponds to a globular association of dimers, B corresponds to two 18-mer’s, C corresponds to three 12-mers and 
D corresponds to a 24-mer and a 12-mer. Due to the nature of the algorithm an under estimation in the theoretical 
CCS compared to experimental is expected. 

R & NR 
Oligomer

Expt. Mw & STDEV/kDa Av. Expt. CCS & 
STDEV/nm2

12-mer 436.93 ± 0.17 161.4 ± 3.2
18-mer (R) 656.22 ± 0.26 224.9 ± 6.8

18-mer (NR) 656.47 ± 0.39 229.6 ± 8.4
24-mer (R) 874.95 ± 0.61 281 ± 9.7

24-mer (NR) 874.78 ± 0.88 285.2 ± 13.5
36-mer 1356.99 ± 0.27 414.6 ± 22.8

Table S1: IMMS determined CCSs for non-reduced (NR) and reduced (R) P domain complexes. The table details 
the experimentally derived molecular weight (Expt. Mw) with standard deviation (STDEV), and the average experi-
mentally derived CCS (Av Expt. CCS) with standard deviation; for the different P domain oligomers. 



128

ap
pe

nd
ix

(a) (b)

0

1

2

3

4

0 601 10 240

Re
la
tiv

e 
D 

up
ta

ke
 (D

a)

Time (mins)
0

1

2

3

4

0 601 10 240
Time (mins)

unbound HBcAg

Fab E1-bound HBcAg

R Oligomer Av. Expt. CCS/
nm2

PA Theo. 
CCS/nm2

EHSS Theo. 
CCS/nm2

12-mer 161.4 144.6 192.4
18-mer 233.6 204.0 266.5
24-mer 282.7 233.1 308.1

(A) 36-mer (globular) 414.6 202.9 280.0
(B) 36-mer (2x 18-mer) 414.6 305.5 406.5
(C) 36-mer (3x 12-mer) 414.6 328.4 442.4

(D) 36-mer (24-mer + 12-mer) 414.6 329.9 439.3

Table S2: Theoretically derived CCS for reduced (R) P domain complexes. The table details the average experi-
mentally derived CCSs (Av. Expt. CCS), and the theoretical CCSs (Theo. CCS) calculated using MOBCAL and the 
PA and EHSS algorithms.

Chapter 3

Epitope-distal Effects Accompany the Binding of Two Distinct Antibodies to 
Hepatitis B Virus Capsids

Figure S4: Relative deuterium uptake versus deuterium exposure time graphs for; (a) peptide 1-15 and (b) peptide 
38-65, in which there is no significant difference in the deuterium uptake between unbound HBcAg (black) and Fab 
E1-bound HBcAg (grey).
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Figure S6: Relative deuterium uptake versus deuterium exposure time graphs for; unbound HBcAg (black), Fab 
E1-bound HBcAg at relative ratios of HBcAg:Fab E1 of 1:2 (saturated) (dark grey), 2:1 (light grey) and 4:1 (medium 
grey), and for peptides (a) peptide 24-33, (b) peptide 141-149 and (c) peptide 71-87, that show a significance reduc-
tion in deuterium uptake upon Fab E1 binding, and (d) peptide 126-140 in which there is no significant difference 
in deuterium uptake upon Fab E1 binding.
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Figure S5: Mass spectra corresponding to; (a) 8 µM HBcAg; (b) 4: 1 (4 µM:1 µM) HBcAg:Fab E1; (c) 2:1 (4 
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at maximum intensity is indicated for all T = 3 and T = 4 capsids. The HBcAg concentrations are in terms of Cp149 
dimer. 



130

ap
pe

nd
ix

0

2

4

6

8

10

12

14

16

18

-

0

2

4

6

8

10

12

14

16

18

-

   
   

   
   

   
 D

iff
er

en
ce

 in
 %

 D
 u

pt
ak

e 
un

bo
un

d 
H

B
cA

g 
an

d 
Fa

b-
bo

un
d 

H
B

cA
g

Peptide

(b)

(a)

Figure S7: The difference in % 
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Table S3: Deuterium incorporation for selected peptides covering the full Cp149.3CA sequence corresponding to 
unbound HBcAg and for exposure times of 1 min, 10 min, 60 min and 240 min, with those exhibiting the highest 
levels of deuterium incorporation (at 240 min exposure time) highlighted in grey. Values represent an average of 
three repeat measurements, whereby the error is based on the standard deviation of the repeat analyses. 

Peptide Structural 
location

1 min 10 min 60 min 240 min

1-15 N-term 9.4 ± 2.5 14.8 ± 1.3 21.6 ± 1.9 27.4 ± 1.4
16-23 α1 12.4 ± 1.7 14.4 ± 2.7 16.7 ± 2.9 18.4 ± 2.3
24-34 α2a 18.6 ± 3.8 26.8 ± 2.6 31.8 ± 1.5 34.0 ± 1.2
36-43 α2b + α3 17.5 ± 0.9 18.9 ± 1.2 17.4 ± 2.5 18.5 ± 1.6
44-55 α2b + α3 9.0 ± 0.7 13.8 ± 1.4 14.9 ± 0.2 15.4 ± 0.3
55-64 α3 1.7 ± 0.8 3.1 ± 0.5 5.1 ± 0.9 8.6 ± 0.8
61-67 α3 3.2 ± 1.3 9.2 ± 2.0 18.6 ± 3.8 27.2 ± 1.3
69-75 spike 18.0 ± 3.7 31.7 ± 4.3 42.5 ± 2.7 49.0 ± 1.4
76-83 spike 24.6 ± 4.5 40.6 ± 5.0 45.7 ± 1.2 46.3 ± 1.6
84-91 spike 15.9 ± 5.6 29.6 ± 3.0 40.2 ± 5.0 49.3 ± 3.8
89-97 spike 39.4 ± 8.4 53.6 ± 2.7 56.7 ± 3.3 59.9 ± 3.2
89-103 α4b 15.7 ± 4.3 21.7 ± 2.4 24.0 ± 2.7 26.0 ± 2.0
104-117 α4b + α5 10.9 ± 1.1 11.8 ± 0.6 12.9 ± 1.2 15.5 ± 0.5
123-140 α5 +C-term 11.1 ± 3.9 19.9 ± 3.1 23.9 ± 3.6 29.1 ± 4.6
141-149 C-term 57.0 ± 3.8 66.1 ± 1.1 65.6 ± 0.5 64.8 ± 0.1
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Table S4 and Table S5: Detail the differences in the % deuterium incorporation between;  unbound HBcAg 
and Fab E1-bound HBcAg (saturated) (Table S4) and unbound HBcAg and Fab 3120-bound HBcAg (saturated) 
(Table S5) for all observed peptides, at deuterium exposure times of 1 min, 10 min, 60 min and 240 min. At each 
time point the data was t-tested and p-values determined to assign significant differences between the two states, 
as indicated.

These tables are published in the Supplementary Information associated with the online manuscript of the data 
presented in this chapter. This can be found at http://pubs.acs.org/doi/suppl/10.1021/ja402023x in which the tables 
appear as Table S2 and Table S3, respectively. 

Chapter 3
Sizing up Large Immune Complexes by Electrospray Ionisation-based Electro-
phoretic Mobility and Native Mass Spectrometry: Morphology Selective Binding 
of Fabs to Hepatitis B Virus Capsids
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25,370 Da

32,826 Da

No. bound 
Fab (1) 

Mass 
(kDa) 

(mass)power 
0.5 (kDa) 

Charge 
(3) 

Theo. 
m/z (4) 

(Theo. m/z- 
expt. m/z) (5) 

90 7318 85.55 219 33448 5097 
89 7270 85.26 218 33341 4990 
88 7222 84.98 217 33233 4882 
87 7174 84.70 217 33126 4775 
86 7126 84.42 216 33018 4667 
85 7078 84.13 215 32909 4558 
84 7030 83.85 214 32801 4450 
83 6982 83.56 214 32691 4340 
82 6934 83.27 213 32582 4231 
81 6886 82.98 212 32472 4121 
80 6838 82.69 211 32362 4011 
79 6790 82.40 211 32251 3900 
78 6743 82.11 210 32140 3789 
77 6695 81.82 209 32029 3678 
76 6647 81.53 208 31917 3566 
75 6599 81.23 207 31805 3454 
74 6551 80.94 207 31692 3341 
73 6503 80.64 206 31579 3228 
72 6455 80.34 205 31466 3115 
71 6407 80.04 204 31352 3001 
70 6359 79.74 204 31238 2887 
69 6311 79.44 203 31123 2772 
68 6263 79.14 202 31008 2657 
67 6215 78.83 201 30892 2541 
66 6167 78.53 200 30776 2425 
65 6119 78.22 200 30660 2309 
64 6071 77.92 199 30543 2192 
63 6023 77.61 198 30425 2074 
62 5975 77.30 197 30307 1956 
61 5927 76.99 196 30189 1838 
60 5879 76.68 196 30070 1719 
59 5831 76.36 195 29951 1600 
58 5783 76.05 194 29831 1480 
57 5735 75.73 193 29711 1360 
56 5687 75.41 192 29590 1239 
55 5639 75.10 191 29468 1117 
54 5591 74.78 191 29347 996 
53 5543 74.45 190 29224 873 
52 5495 74.13 189 29101 750 
51 5447 73.81 188 28978 627 
50 5400 73.48 187 28854 503 
49 5352 73.15 186 28729 378 
48 5304 72.83 185 28604 253 
47 5256 72.50 185 28479 128 
46 5208 72.16 184 28353 2 
45 5160 71.83 183 28226 -125 
44 5112 71.50 182 28098 -253 
43 5064 71.16 181 27970 -381 

No. bound 
Fab (2) 

Mass 
(kDa) 

(mass)power 
0.5 (kDa) 

Charge 
(3) 

Theo. 
m/z (4) 

(Theo. m/z- 
expt. m/z) (5) 

120 9757 98.78 254 38487 3663 
119 9709 98.54 253 38395 3571 
118 9662 98.29 252 38302 3478 
117 9614 98.05 252 38209 3385 
116 9566 97.80 251 38116 3292 
115 9518 97.56 250 38022 3198 
114 9470 97.31 250 37928 3104 
113 9422 97.07 249 37834 3010 
112 9374 96.82 248 37740 2916 
111 9326 96.57 248 37646 2822 
110 9278 96.32 247 37551 2727 
109 9230 96.07 246 37456 2632 
108 9182 95.82 246 37361 2537 
107 9134 95.57 245 37266 2442 
106 9086 95.32 244 37170 2346 
105 9038 95.07 244 37074 2250 
104 8990 94.82 243 36978 2154 
103 8942 94.56 242 36881 2057 
102 8894 94.31 242 36785 1961 
101 8846 94.05 241 36688 1864 
100 8798 93.80 240 36590 1766 
99 8750 93.54 240 36493 1669 
98 8702 93.29 239 36395 1571 
97 8654 93.03 238 36297 1473 
96 8606 92.77 238 36199 1375 
95 8558 92.51 237 36100 1276 
94 8510 92.25 236 36001 1177 
93 8462 91.99 236 35902 1078 
92 8414 91.73 235 35803 979 
91 8366 91.47 234 35703 879 
90 8319 91.21 234 35603 779 
89 8271 90.94 233 35503 679 
88 8223 90.68 232 35402 578 
87 8175 90.41 232 35301 477 
86 8127 90.15 231 35200 376 
85 8079 89.88 230 35099 275 
84 8031 89.61 229 34997 173 
83 7983 89.35 229 34895 71 
82 7935 89.08 228 34792 -32 
81 7887 88.81 227 34690 -134 
80 7839 88.54 227 34587 -237 
79 7791 88.27 226 34483 -341 
78 7743 87.99 225 34380 -444 
77 7695 87.72 225 34276 -548 
76 7647 87.45 224 34172 -652 
75 7599 87.17 223 34067 -757 
74 7551 86.90 222 33962 -862 
73 7503 86.62 222 33857 -967 

(c) (d)

Figure S8: Schematic to illustrate the MS procedure used to predict the number of Fab bound to HBcAg. (a) 
MS identifies the m/z distributions corresponding to T = 3 and T = 4 capsids. Since charge state resolution is not 
observed, the Mw cannot be directly calculated from the data. (b) Using IGORPro46 bimodal Gaussian distributions 
are fitted to the MS data and the average m/z at maximum signal intensity is calculated for both T = 3 and T = 4 
capsids. Theoretical Mw’s are predicted for all possible Fab occupancies up to a maximum of 90 Fab (1) for T = 3 
(c) and 120 Fab (2) for T = 4 (d). Using the correlation between mass and charge state47 (Figure S9) a theoretical 
number of charges (3) can be calculated for each theoretical complex and hence a theoretical m/z derived (4). The 
smallest deviation (5) between the theoretical m/z (4) and the experimentally observed average m/z at maximum 
signal intensity identifies the number of bound Fab (highlighted in grey) for T = 3 (c) and T = 4 (d).
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Figure S9: Correlation between Mw and charge state for a number of macromolecular assemblies, including 
HBcAg.47 This correlation was used to predict the theoretical charge states and m/z for all possible Fab occupancies 
up to a maximum of 90 Fab for T = 3 capsids and 120 Fab for T = 4 capsids. Also indicated is the experimentally ob-
served charge state and theoretical Mw for charge state resolved empty capsids of human rhinovirus type-2 (HRV2) 
and empty capsids of triatoma virus (TrV) (both unpublished data).
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Figure S10: Tandem MS of T = 3 ions corresponding to low mixing ratios of Fab 3120 : Cp149 dimer. (a) Pre-
cursor ion isolation of m/z 23,604 corresponding to T = 3 capsids at a mixing ratio of Fab 3120 : Cp149 dimer of 
0.65:1, CE of 200 V. At this CE charge stripping of the isolated precursor ion allows for an estimation of Mw and the 
number of bound Fab 3120. The m/z of the ions in the resulting distribution and their corresponding charge states 
are indicated. At this CE some HBcAg monomer dissociation is also observed (m/z 1000-2500). The corresponding 
charge reduced species between m/z 24,000-28,000 is unresolved and no estimation of Mw can be made from this 
distribution. (b) Comparison of the assigned binding stoichiometry derived from tandem MS measurements with 
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the binding stoichiometry predicted by the fitting of Gaussian distributions to the MS data, shows good agreement. 
(c) The experimentally observed charge stripped distribution in (a) which suggests the binding of 9 Fab 3120 (light 
grey trace), is fitted with simulations of theoretical charge state distributions (using SOMMS56). Simulations of 
the theoretical charge state distributions for Mw 3.481 MDa corresponding to binding of 10 Fab 3120, and Mw 
3.577 MDa corresponding to the binding of 12 Fab 3120 (dark grey trace) are shown. Good agreement between the 
experimental and theoretical distributions confirms the approximate number of bound Fab.
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Figure S11: Native MS and GEMMA analysis of Fab E1-bound HBcAg. (a) Mass spectra corresponding to Fab 
E1 binding to HBcAg showing the effect of different mixing ratios of Fab and HBcAg on the HBcAg-Fab assemblies 
formed. These correspond to; (i) 8 µM HBcAg; (ii)  0.65:1 (2.6 µM : 4 µM) Fab : HBcAg; (iii) 1:1 (4 µM : 4 µM) 
Fab : HBcAg; (iv) 2:1 (8 µM : 4 µM) Fab : HBcAg; (v) 4:1 (16 µM : 4 µM) Fab : HBcAg, in 200 mM ammonium 
acetate, pH 6.8. The derived Mws of the observed HBcAg-Fab assemblies are indicated in the top axis. (b) Overlay 
of GEMMA spectra corresponding to;  1 µM unbound HBcAg and 2:1 (2 µM : 1 µM) Fab E1 : HBcAg.  Fab E1-
bound HBcAg have been scaled relative to the HBcAg distribution. (c) Occupancy of T = 3 capsids (i and iii) and T = 
4 capsids (ii and iv) by Fab E1 at different mixing ratios of Cp149 dimer : Fab E1, as derived from MS (i and ii) and 
GEMMA (iii and iv) measurements. Error bars on the MS data represent multiple measurements for a given mixing 
ratio. GEMMA measurements were averaged prior to the determination of the number of bound Fab. Two lines have 
been fitted to the data; pre-saturation and saturation. The fitted line at saturation is an average of the mixing ratios 
at which saturation was observed. (HBcAg in terms of Cp149 dimer concentration).
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1 0.14 MS  3,696,055  14 
  MSMS 23,924 3,514,946 2074 11 
  MSMS 23,750 3,581,881 1246 12 
1 0.12 MS  3,939,570  19 
  MSMS 24,466 3,813,120 1431 17 
  MSMS 24,807 3,425,805 877 9 
  MSMS 24,293 3,644,442 1879 13 
1 0.1 MS  3,647,352  13 
  MSMS 23,630 3,534,454 152 11 
  MSMS 23,795 3,559,412 2385 11 
  MSMS 24,785 3,719,210 1674 15 

 

Experimental
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Figure S12: Tandem MS of T = 3 ions corresponding to low mixing ratios of Fab E1 : Cp149 dimer. (a) Precur-
sor ion isolation of m/z 24,466 corresponding to T = 3 capsids at a mixing ratio of Fab E1 : Cp149 dimer of 0.12:1, 
at a CE of 150 V. At this CE charge stripping of the isolated precursor ion allows for an estimation of Mw and the 
number of bound Fab E1. The m/z of the ions in the resulting distribution and their corresponding charge states 
are indicated. At this CE some HBcAg monomer dissociation is also observed (m/z 1000-2000). The corresponding 
charge reduced species between m/z 25,000-27,000 is unresolved and no estimation of Mw can be made from this 
distribution. (b) Comparison of the assigned binding stoichiometry derived from tandem MS measurements with the 
binding stoichiometry predicted by the fitting of Gaussian distributions to the MS data, shows good agreement. (c) 
Simulation of the theoretical charge state distribution for Mw 3.813 MDa (using SOMMS56) and overlay with the 
experimentally observed distribution of the charge stripped distribution in (a) shows good agreement.
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Chapter 5

Detailing the Structure and Conformational Flexibility of the Related Hepatitis 
B Antigens cAg and eAg by Hydrogen Deuterium Exchange-Mass Spectrometry 
(HDX-MS)
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Figure S13: % Deuterium uptake of (a) eAg and (b) reduced eAg, for peptides spanning the eAg sequence at deu-
terium exposure times of; 1 min (pale grey), 10 min (medium grey), 60 min (dark grey) and 240 min (black). Peptide 
1-8 is not observed in eAg due to its involvement in the intramolecular disulphide bond.
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Figure S14: Mass spectra, at increasing deuterium exposure time, for peptides in reduced eAg that exhibit a 
bimodal incorporation of deuterium at some time points. These correspond to; (a) N-terminus (peptide 13-22); 
(b) α2 helix (peptide 34-47); (c) α4b helix (peptide 102-114) and (d) C-terminal arm (peptide 136-150). Gaussian 
type distributions can be fitted to the bimodal distributions to deconvolute the deuterium incorporation of the slow 
exchanging species (light grey) and the fast exchanging species (black). 
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Figure S15: Comparison of the deuterium uptake for peptide 34-47 whereby a single deuterium uptake distribu-
tion is observed for eAg and cAg in assembled capsids indicative of EX2-type kinetics. In contrast, a bimodal deute-
rium uptake distribution is observed for unassembled cAg and reduced eAg whereby a slow exchanging (indicated 
in light grey) and a fast exchanging species (indicated in black) are observed, and are indicative of EX1-type kinetics.

Table S6: Difference in the % deuterium incorporation between eAg and cAg, for all observed peptides, at deu-
terium exposure times of 1 min, 10 min, 60 min and 240 min. At each time point the data was t-tested whereby a 
p-value, p ≤ 0.05 (highlighted in grey) indicates a significant difference between the two species. 

Pep-
tide

1 min p-
value

10 min p-
value

60 min p-
value

240 min p-
value

26-33 6.90 ± 4.28 0.021 10.40 ± 3.27 0.001 9.87 ± 4.67 0.007 13.10 ± 4.39 0.002
26-39 8.37 ± 5.57 0.023 8.29 ± 6.70 0.029 7.52 ± 4.49 0.015 8.49 ± 4.40 0.014
26-41 2.32 ± 4.27 0.401 8.49 5.63 ± 2.68 0.061 9.94 ± 0.49 0.001
26-43 5.12 ± 3.34 0.023 12.74 ± 3.62 0.001 12.21 ± 3.16 0.001 13.22 ± 2.79 0.001
34-41 5.26 ± 5.52 0.125 7.20 ± 3.66 0.009 5.73 ± 2.91 0.014 11.74 ± 3.90 0.002
34-43 7.37 ± 4.87 0.026 17.03 ± 3.99 0.000 14.64 ± 4.92 0.003 15.86 ± 4.63 0.001
34-44 8.50 ± 6.22 0.029 19.68 ± 5.20 0.001 19.89 ± 6.21 0.002 18.91 ± 3.98 0.000
34-47 7.92 ± 4.58 0.017 24.78 ± 6.86 0.001 27.46 ± 7.00 0.001 22.81 ± 3.68 0.000
35-43 5.92 ± 4.86 0.045 18.58 ± 5.86 0.002 16.59 ± 5.78 0.005 17.19 ± 5.85 0.002
35-44 6.59 ± 5.31 0.038 18.19 ± 8.88 0.008 22.96 ± 9.68 0.005 20.99 ± 6.96 0.002
35-47 3.31 ± 4.49 0.150 25.64 ± 7.57 0.002 31.70 ± 3.61 0.001 24.45 ± 5.38 0.000
48-65 8.48 ± 3.29 0.003 8.95 ± 3.75 0.005 6.99 ± 4.82 0.024 6.68 ± 4.70 0.025
48-67 10.11 ± 4.00 0.003 12.08 ± 5.43 0.008 11.87 ± 4.93 0.004 12.80 ± 4.59 0.003
78-93 22.08 ± 7.41 0.002 13.95 ± 3.48 0.001 9.46 ± 4.36 0.006 6.72 ± 3.04 0.008
79-93 20.55 ± 4.52 0.000 13.53 ± 3.47 0.001 8.00 ± 3.51 0.007 6.24 ± 1.99 0.003
81-93 15.28 ± 4.91 0.003 5.75 ± 3.25 0.021 1.54 ± 2.79 0.297 2.68 ± 3.25 0.116
81-97 22.01 ± 4.97 0.003 12.32 ± 4.01 0.002 3.82 ± 3.68 0.069 3.82 ± 4.27 0.096
86-93 6.28 ± 5.59 0.090 2.82 ± 2.65 0.100 0.36 ± 2.38 0.733 1.89 ± 2.49 0.138
86-96 0.16 ± 4.26 0.932 0.42 ± 2.13 0.657 3.57 ± 3.98 0.100 9.03 ± 6.07 0.022
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Pep-
tide

1 min p-
value

10 min p-
value

60 min p-
value

240 min p-
value

86-97 26.57 ± 10.05 0.003 14.35 ± 7.76 0.011 4.47 ± 2.51 0.059 2.29 ± 3.67 0.220
97-113 4.54 ± 9.31 0.394 0.39 ± 8.90 0.933 1.15 ± 1.95 0.234 7.30 ± 7.44 0.122
98-107 0.42 ± 7.32 0.897 2.77 ± 3.02 0.088 3.24 ± 2.97 0.066 2.68 ± 1.80 0.036
98-111 0.08 ± 6.67 0.980 1.68 ± 4.92 0.495 5.09 ± 4.32 0.045 9.33 ± 2.36 0.008
98-113 1.27 ± 2.89 0.343 1.98 ± 2.81 0.202 5.65 ± 3.70 0.023 6.96 ± 3.07 0.011
99-107 2.22 ± 8.01 0.548 5.19 ± 4.04 0.035 6.49 ± 3.69 0.013 4.82 ± 2.86 0.032
99-111 0.53 ± 4.30 0.785 3.75 ± 4.09 0.092 7.33 ± 3.52 0.051 8.24 ± 5.48 0.025
99-113 0.74 ± 2.73 0.561 2.63 ± 2.92 0.098 5.20 ± 3.36 0.019 7.12 ± 3.13 0.007
102-113 -2.04 ± 3.90 0.271 -1.40 ± 4.27 0.473 4.61 ± 3.13 0.086 3.83 ± 6.63 0.231
102-114 3.46 ± 4.19 0.129 5.98 ± 4.74 0.037 4.09 ± 2.28 0.027 2.56 ± 1.00 0.005
112-123 -1.96 ± 2.31 0.174 -0.03 ± 1.94 0.971 3.87 ± 3.23 0.052 6.71 ± 4.28 0.028
114-123 0.01 ± 1.22 0.988 1.69 ± 1.17 0.025 4.99 ± 2.31 0.007 9.85 ± 2.86 0.002
114-126 0.95 ± 1.63 0.250 1.42 ± 1.75 0.124 4.13 ± 3.12 0.032 9.32 ± 3.95 0.008
114-127 0.80 ± 1.39 0.234 1.41 ± 0.99 0.028 3.64 ± 2.66 0.035 8.49 ± 2.76 0.003
114-128 0.32 ± 2.83 0.801 0.11 ± 1.85 0.899 4.63 ± 3.19 0.072 8.53 ± 4.44 0.017
116-130 5.16 ± 2.61 0.012 9.81 ± 3.15 0.029 3.03 ± 2.15 0.120 2.03 ± 1.88 0.184
118-126 1.29 ± 2.82 0.354 1.67 ± 1.37 0.042 3.28 ± 2.69 0.040 7.56 ± 4.20 0.016
118-127 0.97 ± 2.79 0.504 0.80 ± 1.37 0.292 2.14 ± 2.77 0.131 6.12 ± 4.12 0.037
120-126 -6.93 ± 3.24 0.063 5.60 ± 3.20 0.013 -2.22 ± 4.53 0.362 1.77 ± 7.48 0.626
136-150 5.43 ± 6.24 0.120 7.95 ± 4.92 0.017 5.70 ± 2.15 0.004 3.99 ± 0.75 0.000
136-159 5.48 ± 5.27 0.095 4.68 ± 3.78 0.040 3.70 ± 4.17 0.122 5.46 ± 3.81 0.025
151-159 3.41 ± 4.71 0.163 3.05 ± 3.22 0.102 2.90 ± 2.25 0.055 4.41 ± 1.19 0.001

Table S7: Difference in the % deuterium incorporation between eAg and reduced eAg, for all observed peptides, at 
deuterium exposure times of 1 min, 10 min, 60 min and 240 min. At each time point the data was t-tested whereby 
a p-value, p ≤ 0.05 (highlighted in grey) indicates a significant difference between the two species. 

Pep-
tide

1min p-
value

10min p-
val-
ue

60min p-
value

240min p-
value

12-22 14.47 ± 3.56 0.000 23.25 ± 4.21 0.000 20.87 ± 4.47 0.000 17.07 ± 4.24 0.001
13-22 16.95 ± 3.87 0.000 27.20 ± 2.47 0.000 23.38 ± 3.16 0.000 19.97 ± 5.61 0.003
26-33 4.50 ± 2.25 0.003 9.48 ± 2.93 0.001 10.01 ± 4.68 0.003 10.68 ± 4.48 0.005
26-39 5.09 ± 2.74 0.006 9.09 ± 4.59 0.035 10.20 ± 3.01 0.001 9.09 ±  3.58 0.037
26-41 3.24 ±  2.33 0.022 10.73 8.47 ± 2.61 0.004 10.33 ± 3.77 0.055
26-43 3.66 ± 2.29 0.009 12.51 ± 3.42 0.001 12.83 ± 1.47 0.000 10.48 ± 3.13 0.013
34-41 5.46 ± 2.52 0.003 9.17 ± 2.82 0.002 6.32 ± 2.88 0.006 9.51 ± 3.73 0.004
34-43 6.05 ± 3.14 0.004 15.48 ± 2.87 0.000 13.65 ± 2.73 0.000 16.71 ± 5.92 0.003
34-44 9.35 ± 3.77 0.002 20.39 ± 4.91 0.001 24.55 ± 4.02 0.000 25.29 ± 4.76 0.000
34-46 6.31 ± 3.15 0.005 20.18 ± 6.68 0.003 19.54 ± 13.17 0.040 37.07 ± 5.62 0.007
34-47 7.48 ± 2.84 0.001 23.74 ± 5.65 0.001 26.09 ± 4.53 0.000 24.31 ± 5.54 0.001
35-43 4.55 ± 2.42 0.005 16.16 ± 3.97 0.001 12.96 ± 3.09 0.000 17.44 ± 6.79 0.003
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Pep-
tide

1min p-
value

10min p-
val-
ue

60min p-
value

240min p-
value

35-44 6.06 ± 3.66 0.008 17.76 ± 5.67 0.004 23.24 ± 5.26 0.000 18.82 ± 7.26 0.009
35-47 5.22 ± 2.97 0.005 25.04 ± 7.51 0.002 29.51 ± 6.07 0.000 21.99 ± 8.16 0.004
38-47 3.88 ± 1.49 0.001 23.44 ± 7.80 0.004 22.11 ± 4.44 0.000 26.07 
48-65 8.51 ± 2.17 0.000 9.08 ± 3.03 0.003 7.65 ± 4.00 0.004 5.91 ± 3.96 0.023
48-67 7.08 ± 3.19 0.002 11.08 ± 4.81 0.009 10.92 ± 4.04 0.004 8.88 ± 4.64 0.010
78-93 19.56 ± 5.56 0.000 13.71 ± 1.51 0.000 9.97 ± 3.75 0.003 5.91 ± 5.09 0.048
79-85 23.35 ± 5.91 0.004 26.71 ± 10.64 0.027 9.15 ± 3.33 0.011 5.11 ± 17.40 0.570
79-93 21.61 ± 2.61 0.000 14.96 ± 2.70 0.000 10.38 ± 2.85 0.000 6.46 ± 3.64 0.012
81-93 18.34 ± 1.64 0.000 11.37 ± 2.55 0.001 7.82 ± 3.05 0.003 5.59 ± 4.03 0.027
81-97 21.94 ± 4.27 0.000 19.36 ± 1.90 0.000 11.92 ± 4.00 0.002 7.16 ± 4.15 0.014
86-93 17.31 ± 1.82 0.000 12.26 ± 2.45 0.001 7.58 ± 3.13 0.002 4.95 ± 4.31 0.065
86-96 0.54 ± 4.01 0.735 0.55 ± 2.51 0.634 1.67 ± 5.85 0.505 4.86 ± 5.34 0.168
86-97 28.88 ± 6.64 0.000 25.83 ± 8.17 0.002 9.91 ± 4.27 0.002 8.22 ± 1.81 0.000
91-103 -0.12 ± 0.82 0.809 0.71 ± 1.55 0.518 1.47 ± 3.79 0.629 2.96 
94-107 13.66 ± 3.93 0.002 11.70 ± 6.58 0.082 11.88 ± 3.78 0.006 7.75 ± 4.12 0.081
94-111 20.28 ± 12.40 0.036 8.42 ± 27.38 0.556 12.36 ± 13.35 0.151 17.26 ± 10.51 0.138
97-113 7.05 ± 9.43 0.139 3.04 ± 8.31 0.621 2.63 ± 1.88 0.030 8.22 ± 7.81 0.187
98-107 7.57 ± 5.32 0.013 7.74 ± 2.79 0.002 8.22 ± 2.76 0.001 6.89 ± 1.93 0.002
98-111 3.04 ± 3.91 0.092 3.39 ± 1.67 0.039 4.94 ± 3.96 0.040 6.44 ± 4.23 0.144
98-113 2.67 ± 1.96 0.016 2.15 ± 3.20 0.196 5.67 ± 3.35 0.007 2.81 ± 7.26 0.412
99-107 8.67 ± 5.40 0.008 8.79 ± 3.94 0.005 10.80 ± 4.30 0.002 7.82 ± 5.56 0.026
99-111 4.23 ± 2.21 0.004 4.58 ± 3.33 0.028 6.39 ± 3.43 0.047 5.45 ± 5.92 0.093
99-113 2.01 ± 1.70 0.025 2.44 ± 2.33 0.087 4.04 ± 2.76 0.012 3.97 ± 3.75 0.065
102-113 0.25 ± 2.13 0.786 -0.25 ± 4.14 0.892 7.12 ± 2.16 0.003 3.35 ± 3.94 0.297
102-114 10.91 ± 3.00 0.000 14.35 ± 2.74 0.000 12.05 ± 1.31 0.000 8.63 ± 1.09 0.000
112-123 -0.23 ± 2.78 0.840 0.21 ± 1.23 0.705 3.67 ± 2.28 0.114 1.38 ± 5.69 0.650
114-123 1.14 ± 0.83 0.016 1.70 ± 1.80 0.104 5.12 ± 1.67 0.004 6.70 ± 4.73 0.026
114-126 1.51 ± 0.69 0.003 1.23 ± 1.97 0.217 4.04 ± 2.27 0.015 4.31 ± 6.43 0.177
114-127 0.89 ± 0.76 0.032 1.27 ± 1.26 0.506 2.35 ± 2.57 0.107 4.15 ± 4.58 0.091
114-128 1.13 ± 2.60 0.302 0.34 ± 2.52 0.757 1.99 ± 6.09 0.471 7.83 ± 3.97 0.021
116-130 11.82 ± 1.33 0.000 16.07 ± 2.39 0.009 11.76 ± 1.90 0.001 10.45 ± 2.52 0.014
118-126 1.77 ± 1.30 0.015 1.83 ± 1.61 0.055 3.82 ± 1.96 0.011 3.62 ± 5.07 0.162
118-127 2.69 ± 1.03 0.001 1.00 ± 1.29 0.173 2.32 ± 2.89 0.121 -2.50 ± 11.31 0.642
120-126 5.00 ± 4.33 0.031 5.50 ± 3.60 0.020 3.13 ± 9.40 0.561 -9.32 ± 22.72 0.460
133-150 11.94 ± 3.56 0.000 15.84 ± 6.81 0.005 20.52 ± 3.38 0.000 13.93 ± 7.82 0.021
136-150 17.74 ± 4.09 0.000 21.54 ± 2.76 0.000 18.85 ± 1.68 0.000 12.91 ± 2.11 0.000
136-159 14.79 ± 3.39 0.00 14.86 ± 2.12 0.00 15.24 ± 1.48 0.00 11.96 ± 4.54 0.01
151-159 10.72 ± 4.28 0.002 10.83 ± 4.76 0.009 11.29 ± 3.76 0.002 8.31 ± 3.28 0.006
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Table S8: Difference in the % deuterium incorporation between cAg and reduced eAg, for all observed peptides, at 
deuterium exposure times of 1 min, 10 min, 60 min and 240 min. At each time point the data was t-tested whereby 
a p-value, p ≤ 0.05 (highlighted in grey) indicates a significant difference between the two species. 

Pep-
tide

1 min p-
value

10 min p-
value

60 min p-
value

240 min p-
value

26-33 -2.40 ± 3.97 0.184 -0.93 ± 3.15 0.512 0.14 ± 5.17 0.945 -2.43 ± 2.73 0.095
26-39 -3.28 ± 4.01 0.109 0.81 ± 4.27 0.764 2.68 ± 3.52 0.161 0.60 ± 1.21 0.492
26-41 0.91 ± 3.39 0.514 2.24 ± 4.39 0.323 2.84 ± 3.74 0.151 0.39 ± 3.84 0.892
26-43 -1.46 ± 3.27 0.290 -0.23 ± 3.01 0.858 0.62 ± 2.91 0.673 -2.75 ± 0.71 0.003
34-41 0.20 ± 6.23 0.936 1.97 ± 2.84 0.178 0.59 ± 4.54 0.748 -2.22 ± 2.83 0.127
34-43 -1.32 ± 5.08 0.522 -1.54 ± 2.30 0.214 -0.99 ± 5.44 0.654 0.86 ± 6.25 0.759
34-44 0.85 ± 4.10 0.630 0.71 ± 3.72 0.666 4.66 ± 6.77 0.128 6.38 ± 4.83 0.033
34-47 -0.45 ± 4.72 0.812 -1.04 ± 2.83 0.454 -1.36 ± 7.71 0.658 1.50 ± 5.57 0.566
35-43 -1.37 ± 3.82 0.421 -2.42 ± 2.83 0.156 -3.63 ± 7.14 0.238 0.24 ± 7.05 0.937
35-44 -0.54 ± 3.82 0.730 -0.43 ± 4.22 0.853 0.28 ± 8.78 0.947 -2.17 ± 9.14 0.635
35-47 1.92 ± 3.79 0.242 -0.60 ± 3.74 0.713 -2.19 ± 4.20 0.435 -2.46 ± 9.19 0.564
48-65 0.04 ± 1.85 0.960 0.13 ± 2.25 0.898 0.66 ± 4.19 0.692 -0.77 ± 3.98 0.665
48-67 -3.03 ± 3.34 0.060 -1.01 ± 2.32 0.363 -0.95 ± 3.18 0.520 -3.92 ± 3.89 0.069
78-93 -2.52 ± 4.94 0.238 -0.23 ± 2.95 0.909 0.51 ± 3.36 0.732 -0.81 ± 3.62 0.659
79-93 1.06 ± 4.22 0.544 1.43 ± 3.97 0.434 2.38 ± 4.46 0.214 0.21 ± 2.22 0.860
81-93 3.06 ± 4.44 0.167 5.63 ± 4.58 0.041 6.28 ± 4.51 0.016 2.90 ± 3.49 0.117
81-97 -0.06 ± 3.21 0.962 7.04 ± 3.51 0.045 8.11 ± 4.90 0.016 3.34 ± 3.49 0.079
86-93 11.02 ± 5.91 0.006 9.44 ± 4.33 0.006 7.22 ± 2.96 0.002 3.05 ± 4.62 0.206
86-96 0.38 ± 3.26 0.772 0.13 ± 2.92 0.920 -1.91 ± 4.88 0.411 -4.17 ± 4.81 0.171
86-97 2.31 ± 5.96 0.377 11.48 ± 7.01 0.016 5.43 ± 2.81 0.035 5.94 ± 3.00 0.015
97-113 2.51 ± 2.44 0.045 2.65 ± 2.45 0.121 1.49 ± 1.42 0.063 0.92 ± 2.47 0.459
98-107 7.15 ± 6.88 0.040 4.96 ± 2.74 0.012 4.98 ± 3.85 0.019 4.21 ± 3.04 0.027
98-111 2.97 ± 5.86 0.249 1.71 ± 4.08 0.577 -0.14 ± 3.54 0.926 -2.89 ± 5.87 0.335
98-113 1.39 ± 2.24 0.166 0.16 ± 1.70 0.829 0.02 ± 2.20 0.983 -4.15 ± 5.03 0.195
99-107 6.45 ± 7.61 0.075 3.60 ± 4.13 0.100 4.31 ± 4.61 0.064 3.01 ± 3.27 0.158
99-111 3.70 ± 3.50 0.047 0.83 ± 4.09 0.651 -0.94 ± 6.09 0.702 -2.79 ± 4.17 0.178
99-113 1.28 ± 2.51 0.242 -0.19 ± 1.65 0.806 -1.16 ± 2.50 0.270 -3.15 ± 2.25 0.030
102-113 2.29 ± 2.46 0.079 1.15 ± 3.47 0.463 2.51 ± 3.83 0.141 -0.48 ± 3.44 0.848
102-114 7.45 ± 4.52 0.007 8.37 ± 3.29 0.006 7.95 ± 3.14 0.001 6.07 ± 1.56 0.001
112-123 1.73 ± 2.48 0.219 0.24 ± 1.56 0.745 -0.20 ± 1.05 0.807 -5.33 ± 3.39 0.036
114-123 1.13 ± 0.86 0.019 0.01 ± 2.00 0.989 0.13 ± 0.94 0.791 -3.15 ± 3.16 0.103
114-126 0.56 ± 1.25 0.346 -0.19 ± 2.37 0.855 -0.09 ± 2.28 0.934 -5.01 ± 4.13 0.064
114-127 0.09 ± 0.97 0.836 -0.14 ± 0.98 0.746 -1.29 ± 1.60 0.120 -4.34 ± 2.70 0.031
114-128 0.81 ± 1.94 0.315 0.23 ± 1.78 0.782 -2.64 ± 4.98 0.427 -0.71 ± 1.13 0.232
116-130 6.66 ± 2.55 0.005 6.26 ± 1.14 0.012 8.73 ± 2.75 0.006 8.42 ± 1.74 0.012
118-126 0.48 ± 2.38 0.643 0.15 ± 1.80 0.844 0.55 ± 1.88 0.543 -3.93 ± 3.13 0.041
118-127 1.73 ± 2.66 0.178 0.21± 2.12 0.821 0.18 ± 2.89 0.888 -8.62 ± 8.70 0.135
120-126 11.93 ± 1.16 0.000 -0.11 ± 3.44 0.944 5.35 ± 12.16 0.373 -11.09 ± 26.19 0.411
136-150 12.32 ± 6.67 0.004 13.60 ± 2.35 0.000 13.15 ± 2.44 0.000 8.92 ± 2.32 0.001
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Pep-
tide

1 min p-
value

10 min p-
value

60 min p-
value

240 min p-
value

136-159 9.31 ± 4.86 0.007 10.18 ± 2.72 0.009 11.54 ± 3.50 0.016 6.50 ± 4.58 0.048
151-159 7.32 ± 5.60 0.018 7.78 ±  6.23 0.041 8.39 ± 5.15 0.011 3.91 ± 3.22 0.067


