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Abstract: Hepatitis B virus core-antigen (capsid protein) and e-antigen (an immune regulator) have
almost complete sequence identity, yet the dimeric proteins (termed Cp1494 and Cp(—10)149,
respectively) adopt quite distinct quaternary structures. Here we use hydrogen deuterium
exchange-mass spectrometry (HDX-MS) to study their structural properties. We detect many
regions that differ substantially in their HDX dynamics. Significantly, whilst all regions in
Cp(—10)1494 exchange by EX2-type kinetics, a number of regions in Cp149,4 were shown to exhibit
a mixture of EX2- and EX1-type kinetics, hinting at conformational heterogeneity in these regions.
Comparison of the HDX of the free Cp1494 with that in assembled capsids (Cp149,) indicated
increased resistance to exchange at the C-terminus where the inter-dimer contacts occur. Further-
more, evidence of mixed exchange kinetics were not observed in Cp149., implying a reduction in
flexibility upon capsid formation. Cp(—10)1494 undergoes a drastic structural change when the
intermolecular disulphide bridge is reduced, adopting a Cp1494-like structure, as evidenced by the
detected HDX dynamics being more consistent with Cp149, in many, albeit not all, regions. These
results demonstrate the highly dynamic nature of these similar proteins. To probe the effect of
these structural differences on the resulting antigenicity, we investigated binding of the antibody
fragment (Fab E1) that is known to bind a conformational epitope on the four-helix bundle. Whilst
Fab E1 binds to Cp149. and Cp149,, it does not bind non-reduced and reduced Cp(—10)149,
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despite unhindered access to the epitope. These results imply a remarkable sensitivity of this epi-

tope to its structural context.

Keywords: hepatitis B virus; e-antigen; hydrogen deuterium exchange mass spectrometry; EX1

kinetics

Introduction
The hepatitis B virus (HBV) vaccine is 95% effective
in preventing infection, yet more than 240 million
people still suffer from liver disease due to this virus
and it has been estimated that approximately
600,000 people die annually due to acute and
chronic infections.! HBV produces three principal
antigens: surface antigen, core-antigen, and e-
antigen. The latter two have extensive sequence
homology (discussed in greater detail below) but
have very different properties. Notably, whereas
core-antigen protein can assemble as capsids, the e-
antigen is a 34-kDa dimeric protein that is secreted
from cells. It does not appear to play a role in either
infection or viral replication,®® but instead to have
an immunoregulatory function in promoting viral
persistence.* Perinatal transmission of HBV by e-
antigen positive mothers correlates with a high inci-
dence of chronicity in the offspring.>® Furthermore,
in adults with chronic HBV infection, e-antigen posi-
tivity has been linked to the elimination of e-antigen
and core-antigen specific T-cells thus favoring viral
persistence.” While the role of e-antigen in regulat-
ing the immune system is only partially under-
stood,®® its high evolutionary conservation in the
Hepadnaviridae suggests the importance of its
function.'®

The core-antigen protein is comprised of a 149-
residue assembly domain and a 34-residue C-termi-
nal arginine-rich domain [Fig. 1(A)]. By X-ray crys-
tallography it has been established that the
assembly domain comprises five alpha helices two of
which form a helical hairpin. Parallel association of
the polypeptide chains forms dimers with a central
four-helix bundle, which is stabilized by an intermo-
lecular (C61—C61) disulphide bond within the bun-
dle.’» 13 Assembly of these molecular dimers, both in
vivo and in vitro, forms two types of icosahedral cap-
sids, which have the triangulation numbers T = 4
and 7 = 3 and consist of 240 and 180 monomeric
subunits, respectively.'* The arginine-rich domain is
responsible for interactions with the viral
genome.'®1® Truncation of this domain leads to the
formation of capsids that are structurally indistin-
guishable from capsids formed from the full-length
(183-residue) protein, hence most in vitro studies
are carried out using the truncated form of the pro-
tein.1” Herein, in keeping with previous reports, we
refer to the recombinant 149-residue capsid protein
as Cpl49, and dimers thereof as Cpl1494. When the
dimers are assembled as capsids they are referred to
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as Cpl49.. These structures are analogous to viral
core-antigen.

The sequence of the e-antigen protein is the
same as the first 149 residues of the capsid protein,
but preceded by a ten-residue propeptide (—10) and
minus the arginine-rich domain [Fig. 1(B)].'® The
recombinant form of this protein is referred to here
as Cp(—10)149, and the dimeric form as
Cp(—10)1494. The crystal structure of Cp(—10)1494
showed that the secondary and tertiary structures
are very similar to that of the capsid protein, and
that the monomers associate via much the same
interface, but that they are rotated ~140° relative to
one another'® [Fig. 1(A,B)]. In addition, rather than
having an intermolecular (C61—C61) disulphide
bond Cp(—10)1494 has two intramolecular
(C(=7)—C61 disulphide bonds. An intramolecular
disulphide bond has been reported as critical for the
secretion of e-antigen.?°?2 The very different qua-
ternary structures are likely the basis for the differ-
ences in the two species with respect to their
solubility,?® assembly,'®?3 immune response,?* and
antibody recognition.???® While human e-antigen
has yet to be definitively isolated and characterized,
its structure is thought to be similar to that of
Cp(—10)1494 as described above. Significantly, while
Cp(—10)1494 does not polymerize, reduction of the
intramolecular disulphide bond allows this protein
to form capsid-like structures with 7' = 3 morphol-
ogy.2®> This process is reminiscent of the early
reports that e-antigenicity can be generated by the
reduction and mild denaturation of core-antigen,
showing that the two proteins are to some extent
reversibly interconvertible.29-3!

To further probe conformational details of
Cpl49,, Cpl49., and Cp(—10)1494, we here use
hydrogen deuterium exchange-mass spectrometry
(HDX-MS). HDX involves the exchange of a protein’s
hydrogen atoms for deuterium atoms from the sol-
vent,>?33 the kinetics of which depend on the hydro-
gen atom’s location in the protein, its involvement in
intramolecular hydrogen bonds, and its exposure to
solvent; factors ultimately related to the conforma-
tion of the protein. Furthermore, both pH and tem-
perature affect the rate of exchange.?* % The
replacement of slowly exchanging amide backbone
hydrogen atoms with deuterium atoms can be moni-
tored by MS. Consequently, HDX-MS can be used to
monitor the dynamic flexibility of proteins.3”*!
Among the wide variety of HDX-MS applications, it
has been used to study a number of virus-related
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Figure 1. Schematic illustrating the different monomeric domains and resulting dimeric structures of: (A) the core antigen,
Cp183, (B) the e-antigen, Cp(—10)149, (C) reduced e-antigen, Cp(—10)149. In vitro characterization of core antigen often uses a
construct in which the arginine-rich domain has been removed (Cp149). The crystal structures of dimeric Cp1494 and
Cp(—10)1494 show the monomers to adopt a similar secondary, mostly a-helical structure (indicated by the similarly colored

helices). |

n (A) Cp149, is stabilized by a C61—C61 intermolecular disulphide bond, whereas in (B)

Cp(—10)1494 a C(—7)—C61

intramolecular disulphide prevents the formation of the C61—C61 intermolecular disulphide bond. The crystal structure of (C)
reduced Cp(—10)149, is unknown. Reduction and alkylation to form reduced Cp(—10)1494 prevents both the intra- or intermo-

lecular disulphide from forming.

processes that include capsid assembly and matura-
tion of human immunodeficiency virus (HIV)*27%;
maturation of bacteriophage P22*%; pH-induced tran-
sitions in brome mosaic virus;*’ and structural anal-
ysis of the human rhinovirus (HRV14).*® More
recently, we have used this method to monitor the
dynamics of Cpl49. and its interaction with two
antibodies, E1 and 3120, which have distinct binding
epitopes.®® We observed that the binding of Fab
derived from these antibodies had the overall effect
of increasing the capsid rigidity, consequently damp-
ening or suppressing its breathing.

Here, we compare the dynamics of Cpl49,,
Cpl149., and Cp(—10)1494 using HDX-MS to better
understand the differences between these proteins
beyond those already revealed by the crystal struc-
tures. The observation that reduced Cp(—10)1494
becomes assembly competent!®252320 Jed us to also
include this form of the protein in our study [Fig.

1C)].

Results

HDX-MS of Cp1494

Deuterium exchange of the backbone amide hydro-
gens was carried out on Cp1494 for 1, 10, 60, and 240
min. Pepsin digestion followed by liquid-chromatog-
raphy mass spectrometry (LC-MS)® analysis identi-
fied a total of 43 peptides, many of which were
partially overlapping, giving an overall coverage of
90%. For each peptide, the relative deuterium uptake
compared to time zero (¢ = 0) was determined. Fig-
ure 2(A) details these results for a selection of pep-
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tides that cover the Cp149 sequence. For all peptides
there is a progressive increase in deuterium incorpo-
ration with increased deuterium exposure time.
Although the level of deuterium incorporation was
not corrected for “back exchange”—the process by
which deuterons revert back to hydrogens in the
time period between quenching of the deuteration
reaction and MS analysis—the incorporation can be
approximately classed into three ranges: high, inter-
mediate, and low. The highest degree of incorpora-
tion (33—61% per peptide) occurred in three areas: in
the loop between a3 and «4 helices (e.g., peptide 71—
83), in the junction between o4a and «a4b helices
(peptide 89-97), and in the C-terminal loop (peptides
126-140 and 141-149). An intermediate degree of
incorporation (19-41% per peptide) occurred in two
areas: in the «a2a helix (peptide 24-33), and in the
a4b helix (peptide 92-104). The lowest incorporation
(8—-21% per peptide) occurred in the al helix (peptide
16-23), in the a2b helix, and the junction with the
a3 helix (peptide 38-55), and in the junction between
a4b and o5 helices (peptide 104-116). Peptides were
not identified for the central region of the a3 helix
(residues 56—68) and the N-terminal half of the o5
helix (residues 121-125), hence the deuterium incor-
poration of these regions is unknown.

Viewed in the context of the folded structure,
the overall pattern of incorporation is clear [Fig.
2(B,C)]. Taking the X-ray structure as a model, the
greatest incorporation occurs in the apex of the four-
helix bundle and in the C-terminal loops. The areas
with intermediate in what
amounts to a ring of structural elements around the

incorporation occur

Flexibility of the HBV Core-Antigen and e-Antigen
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Figure 2. Deuterium uptake in Cp1494. A: The % of deute-
rium incorporation for peptides spanning the Cp149
sequence at increasing deuterium exposure times of: 1 min
(pale gray), 10 min (medium gray), 60 min (dark gray), and
240 min (black). B,C: The deuterium uptake represented on
the crystal structure of Cp149 indicating regions that exhibit
a high- (indicated in red), medium- (indicated in yellow), and
low- (indicated in blue) level of relative deuterium incorpora-
tion. The deuterium incorporation of the regions indicated in
white are unknown since no peptides were observed.

lower regions of the four-helix bundle. This is partic-
ularly evident when the structure is viewed along
the two-fold axis [Fig. 2(B)]. The areas with the least
incorporation are situated together at the base of
the dimer [Fig. 2(C)]. This view of the dimer is
strongly reminiscent of the structurally invariant
“chassis” proposed previously on the basis of crystal-
lographic data.®

Examining the exchange kinetics of Cp149,

The process of hydrogen exchange in structured pro-
teins constitutes a kinetic competition between local-
ized unfolding (that breaks intramolecular hydrogen
bonds) and refolding, and chemical exchange
(exchange of hydrogen for deuterium). If localized
refolding is faster than chemical exchange, then
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localized unfolding must occur many times for suc-
cessful exchange (EX2 kinetics).?! However, if the
rate of chemical exchange from the unfolded form is
faster than localized refolding, then multiple amide
hydrogens can cooperatively become exchanged in a
single unfolding event before refolding occurs (EX1
kinetics).?? For most peptides a single (binomial)
deuterium uptake distribution was observed. The
m/z of this distribution increased with increasing
time, typical of EX2-type exchange
kinetics. In contrast, a number of regions were
observed with a bimodal HDX distribution, most
prominently at the N-terminus (peptide 1-15) and
the a2 helix (peptide 24-37), and to a lesser extent
for peptides 92-104 and 126-140 (Fig. 3). In this
bimodal distribution, the lower m/z distribution cor-
responds to a slower exchanging, more protected
conformer and the higher m/z distribution corre-
sponds to a faster exchanging conformer. In our
data, since both the intensities and m/z of the two
distributions also increase with increasing deute-
rium exposure, this suggests that exchange does not

exposure

occur exclusively by an EX1 mechanism, but instead
through semi-correlated exchange®® and a mixture
of EX1- and EX2-type kinetics (Fig. 3).

Comparison of the HDX dynamics of Cp149,
and Cp149.

The question of whether unassembled dimers have
the same structure as when they have been incorpo-
rated into capsids has been addressed previously.>*~
55 A comparison of crystallized capsid protein dimers
and crystallized capsids has shown that there are
systematic differences between the two, and that
these involve the positions of subdomains relative to
a structurally invariant “chassis”.®®> However, how
dimers “free in solution” differ from those in the
assembled state has not yet been examined.

We recently reported the dynamics of Cp149, by
HDX-MS,*® which allows a direct comparison with
the soluble Cpl149; described in this study. The
results are shown in Figures 2(A) and 4. Although
identical peptides were not always observed upon
pepsin digestion, those of a similar length may be
roughly compared. Most of the corresponding pep-
tides show very similar levels of deuterium incorpo-
ration, especially in the solvent exposed regions of
the «2 helix, the spike, and the C-terminus. Two
peptides, however, (peptides 89-103 and 122-140)
from Cpl49. have substantially lower incorporation
compared to similar regions in the free Cp149y4. In
the case of the peptide 89-103, its location at the
base of the four-helix bundle and proximity to the
capsid shell likely result in the lower level of deute-
rium incorporation observed for this region in
Cpl49.. Similarly for peptide 122-140 the lower
level of deuterium uptake is consistent with the
involvement of this region in interdimer interactions
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Figure 3. Regions in Cp1494 that exhibit a bimodal distribution in deuterium incorporation. A: Peptides exhibiting a bimodal
uptake of deuterium are indicated on the Cp149 crystal structure. B: The mass spectra of peptides (1-15, 24-37, 92-104, and
126-140) at increasing deuterium exposure time show the presence of two isotopic distributions. (The monoisotopic ion is indi-
cated by *). The deuterium incorporation of these distributions can be deconvoluted by fitting Gaussian distributions to the slow
exchanging species (light blue) and the fast exchanging species (dark blue). C: The center of these distributions can be used to
plot the deuterium uptake in relation to deuterium exposure time. Since the m/z of both distributions also changes with increas-
ing exposure time, the displayed kinetics are likely a mixture of EX1 and EX2-type kinetics.

as a result of capsid formation. Excluding these
regions, the similarity in deuterium uptake for all
other regions strongly implies that the secondary
structure of unassembled Cp149, is essentially the
same in assembled capsids, Cp149.. Importantly, we
did not observe any regions exhibiting a bimodal dis-
tribution in deuterium uptake in Cp149,, hinting at
a lower level of conformational flexibility in Cp149,
as compared to soluble Cp149,.

HDX-MS of Cp(—10)1494

HDX-MS analysis of Cp(—10)1494 was performed as
described for Cpl494. A total of 48 peptides were
identified, covering 84% of the sequence. Supporting
Information Figure S1(A) details these results for a
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Figure 4. Percent deuterium uptake of Cp149 in assembled
capsids, Cp149, for peptides spanning the Cp149 sequence
at deuterium exposure times of: 1 min (pale gray), 10 min
(medium gray), 60 min (dark gray), and 240 min (black).
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selection of peptides that cover the Cp(—10)149
sequence. For comparison with the deuterium
uptake in Cp149y, identical peptides from both pro-
teins were compared. Generally, the deuterium
incorporation of Cp(—10)1493 was higher, implying
that the structure adopted by Cp(—10)1494 is overall
of a greater flexibility. This is consistent with a pre-
vious report that Cp(—10)1494 has a lower melting
temperature than Cpl49; (51°C and 65°C, respec-
tively).2® In contrast to Cpl49y, there was no evi-
dence of bimodal distributions in deuterium uptake
for any of the peptides measured in Cp(—10)149,.
Peptides resulting from the propeptide were not
observed, presumably as this region is involved in
the C(—7)—C61 disulphide bond.

HDX-MS of reduced Cp(—10)1494

Cp(—10)149,4 was treated with dithiothreitol (DTT)
to reduce the C(—7)—C61 intramolecular disulphide
bond, which subsequently was alkylated to prevent
reformation of either the C(—7)—C61 intramolecular,
or the C61—C61 intermolecular bond. Subsequent
MS analysis confirmed the alkylation state of the
protein, and tandem mass spectrometry (MS) analy-
sis confirmed the absence of a C61—C61, as evi-
denced by the formation of dissociated monomers. In
contrast, non-reduced Cpl494 did not dissociate to
monomers under the same conditions, instead lim-
ited fragmentation of the monomer chain was
observed.

HDX-MS analysis of reduced Cp(—10)149; was
performed as described for the non-reduced protein.
A total of 52 peptides were identified, giving 91%
sequence coverage. Supporting Information Figure
S1(B) details these results for a selection of peptides
that cover the Cpl49 sequence. Of the additional
peptides that were observed, significantly one corre-
sponding to the N-terminal eight residues and hav-
ing the carbamidomethyl modification was identified.
The levels of deuterium incorporation were substan-
tially  different from that of non-reduced
Cp(—10)1494. Markedly, they resembled more closely
the level of deuterium incorporation observed in
Cpl494 [Fig. 2(A)]. Furthermore, there was again
evidence of mixed exchange kinetics in the same
structural areas as observed for Cpl149,, that is at
the N-terminus, a2a helix, the a4b helix, and C-
terminal arm (Supporting Information Fig. S2).

Binding of Fab E1

As the data indicated clear differences in the HDX
patterns of the three proteins, we examined to what
extent these differences affected their binding to the
antibody Fab E1, that has previously been shown to
bind Cpl149y and Cpl149. through a conformational
discontinuous epitope in the region of the four-helix
bundle.***® We probed the binding of the different
Cp149 constructs by native MS. Data indicated that
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whilst Fab E1 binding to Cpl1493 was quantitative,
the antibody fragment did not bind to Cp(—10)1494
and reduced Cp(—10)149y wunder identical
conditions.

Discussion

Comparison of HDX in Cp149,, Cp(—10)149,,
and reduced Cp(—10)149,

The differences in the % deuterium incorporation for
all observed peptides, among Cp1494, Cp(—10)149,,
and reduced Cp(—10)149, are given in Supporting
Information Tables S1-S3. A more visual display of
the data in these tables is given in Figure 5. Our
HDX data can be summarized as follows: (i) For all
three pairwise comparisons, there appears to be a
transition in the degree of deuterium incorporation
at the region of the spike tip, that is around peptide
71-83 [Fig. 5(B)], dividing the proteins roughly into
N-terminal [Fig. 5(A)] and C-terminal-halves [Fig.
5(C)]. (i1) The incorporation in Cp(—10)1494 is signif-
icantly higher than in Cp1494 in the N-terminal half
at all exposure times. In the C-terminal half, the
incorporation is also higher but generally at longer
exposure times. (iii) The incorporation in
Cp(—10)1494 is significantly higher than in reduced
Cp(—10)1494 in the N-terminal half, and for the
majority of peptides in the C-terminal half. (iv) The
incorporation in Cpl1494 is not significantly different
from that in reduced Cp(—10)1494 in the N-terminal
half, but is higher in some regions of the C-terminal
half.

The observations described above show that: (i)
Cp(—10)1494 is more solvent exposed and/or flexible
compared to Cpl49,, a finding consistent with their
crystal structures [Fig. 5(D)]. (ii)) When Cp(—10)1494
is reduced it adopts a structure that is more pro-
tected to deuterium incorporation compared to its
non-reduced counterpart. Furthermore, the similar-
ity in deuterium uptake to Cpl49,3, most promi-
nently in the N-terminal half, suggests the
conformation in this region is similar for both these
proteins. This observation is consistent with the
observation that reduced Cp(—10)1493 can adopt a
Cpl49;4-like conformation and assemble into capsid-
like structures.'®23 The results also suggest that (iii)
reduced Cp(—10)149, is not identical to Cp149,.

There are three observations that lead to this
inference: (i) the HDX data described above show
subtle but reproducible differences in the C-terminal
halves of the two proteins. (ii) Reduced Cp(—10)1494
forms ~90% T = 3 capsid-like structures,?® whereas
Cpl49, forms ~90% T = 4 capsids.'* (iii) Fab E1
does not bind tightly to reduced Cp(—10)1494
whereas it does bind to Cp149.°® and Cp1494. That
Fab E1 does not bind to reduced Cp(—10)149q,
despite its apparent similarities to Cpl149y, is not
surprising as we have observed that Fab E1 binds to
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only one side of the capsid spike, despite unhindered
access, suggesting that there are differences between
the two copies of the epitope.’® Similarly, Fab E1
forms only 1:1 complexes with Cp1494. Furthermore,
Fab E1 also does not bind to Cp(—10)1494, despite
having access to both copies of the epitope. It may
be that in Cp(—10)1494 both copies of the epitope
are absent, despite a tertiary structure similar to
that of Cp1494, and that they are not regained dur-
ing conversion to the Cp1494-like form. How exactly
the chains rearrange when Cp(—10)149, is reduced
and adopts the Cp1494-like form is not known. Pre-
sumably this involves a separation and re-
association of the chains, perhaps in a manner anal-
ogous to that proposed for Cp1494.°7 It has been
shown that the capsid dimer has points of inherent
strain, giving it access to different conformations.®”
As the pathway of co-translational folding and asso-
ciation of the Cp149 chains in vivo is necessarily dif-
ferent from the dissociation and re-association of
complete Cp(—10)149 chains in vitro it is not
implausible that the conformations of some parts of
the two structures, such as the E1 epitope, could be
subtly different.

Comparing the structural regions exhibiting a
bimodal distribution in deuterium incorporation
While proteins undergo predominantly EX2
exchange kinetics at physiological pH, a few proteins
displaying EX1 kinetics in some of their domains
have been reported.’%%%-¢° Unfortunately, observa-
tion of EX1-type kinetics is often an artifact attrib-
utable either to chemical perturbation of the
proteins, or to experimental error, such as carryover
between injections.®%2 Carryover was specifically
avoided in our experiments by extensive washing of
the pepsin and LC columns between sample injec-
tions (see Materials and Methods). In our HDX
study, we identified in both Cpl1494 and reduced
Cp(—10)149,4 identical specific structural regions
exhibiting a mixture of EXI1-type and EX2-type
kinetics. This suggests the existence of conforma-
tional heterogeneity in solution with different levels
of deuterium incorporated into these two forms
under native conditions.

Primarily this was observed in the «2 helix
(peptide 24-37) for both Cpl49y and reduced
Cp(—10)149,, (Fig. 2 and Supporting Information
Fig. S3), but interestingly not for Cp(—10)1493 and
Cp149.. Since the mass difference between the slow
and fast exchanging species for this peptide is 3—4
Da, this suggests that at least 3—4 residues are
involved in the partial cooperative unfolding. That
peptides 24-33 and 24-34 exhibited only a binomial
distribution in deuterium uptake further supports
this finding. Furthermore, this result is consistent
with the differences in the atomic structures of
Cpl494 and Cp(—10)1494 with respect to a2 helix

Bereszczak et al.

[Fig. 5(D)]. In Cp149g, the a2 helix is broken into two
sub-helices, the a2a and «2b, whereas in Cp(—10)1494
the a2 helix is continuous.'®>!® It may be that in
Cp1494 and reduced Cp(—10)149, free in solution, the
a2 helices have access to both conformations, and that
this gives rise to the observed mixed exchange
kinetics for this region. That the levels of deuterium
exchange are similar in Cpl49y and reduced
Cp(—10)1494 for the slow exchanging conformers and
their fast exchanging counterparts, further supports
this idea. In Cp149., where the a2 helices face adja-
cent dimers, this freedom may be missing.

Additional regions exhibiting a bimodal incorpo-
ration of deuterium were also identified in the vicin-
ity of the N- and C-termini in Cp149y and reduced
Cp(—10)1494 (Fig. 2 and Supporting Information
Fig. S2), but not in either Cp(—10)1494 or Cp149..
Identification of this flexibility in Cpl494 was not
completely unexpected, as by NMR increased flexi-
bility at the termini of Cp149,4 has been observed.?®
A more recent study used ion mobility in conjunction
with mass spectrometry to monitor the effect of sev-
eral Cpl149, C-terminal truncations on the resulting
protein conformation. They indicated less occupancy
of the more extended conformation upon truncation,
supporting the notion of a flexible C-terminus.®3

Dynamic nature of Cp149,, Cp(—10)149,, and
reduced Cp(—10)149,
The similarity in deuterium incorporation between
Cpl49y and Cpl49., in all regions except regions
constituting the capsid shell and those involved in
interdimer interactions, highlights the similar con-
formations adopted by the Cp in these two species.
However, the observation of regions exhibiting a
bimodal exchange pattern in Cpl494, implies a level
of flexibility that is absent from Cp149.. This allows
us to speculate that this level of flexibility in Cp1494
may enable it to adopt an assembly competent struc-
ture prior to capsid assembly, as other studies have
also suggested.5+%°

In a recent study that examined the folding and
stability of Cpl49y in both solution and the gas
phase, the high plasticity of the HBV Cp was dem-
onstrated.’” It was reported that Cpl49y folds
through a three-state transition with population of a
stable dimeric a-helical intermediate, and moreover
that mutation of different residues could strongly
influence the population of intermediates. Our study
further demonstrates the high conformational flexi-
bility of Cp1494 but now in the context of its rela-
tionship to Cp(—10)1494 and reduced Cp(—10)1494
(Fig. 6). Comparison of the HDX dynamics of these
three species indicate that it is a direct consequence
of the intramolecular disulphide bond that allows
Cp(—10)1494 to adopt a unique conformation quite
distinct from Cp1494. In this conformation, the gen-
erally higher level of deuterium incorporation
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Figure 6. Schematic to illustrate the difference in % deuterium incorporation for peptides spanning the Cp149 sequence at a
deuterium exposure time of 60 min for: (A) Cp(—10)1494 compared to Cp149, (B) Cp1494 compared to reduced Cp(—10)1494,
and (C) Cp(—10)1494 compared to reduced Cp(—10)149,. The region of the propeptide cannot be compared since it is absent
in Cp1494, and in Cp(—10)149y it is involved in an intramolecular disulphide bond hence no peptide is observed. The N-
terminus (residues 1-12) is also not comparable since this region displays a bimodal distribution in deuterium uptake. For all
subsequent peptides, the increasing intensity of blue color indicates a larger difference in the deuterium uptake between the

species compared.

observed for most regions of Cp(—10)149, suggest a
more flexible and/or solvent exposed structure (Fig.
6). Upon disruption of this intramolecular disulphide
bond, reduced Cp(—10)1494 adopts a more stable
conformation compared to Cp(—10)1494 demon-
strated by the generally lower deuterium uptake for
all regions of its structure (Fig. 6). The structural
resemblance, in particular, to Cpl494 may account
for the more stable structure of reduced
Cp(—10)1494, a finding consistent with the higher
melting temperature of Cpl49y compared to
Cp(—10)149,4.2% These findings allow us to speculate
on the biological significance of the propeptide.
Firstly, as a method of ensuring the structural integ-
rity of Cp(—10)1494 so that it can carry out its bio-
logical function. Secondly, that should this structure
undergo a perturbation, for instance by encounter-
ing a reducing environment, the propeptide prevents
Cp(—10)149, from forming a conformation identical
to Cpl49,, ensuring that it does not interfere with
the biological function of Cp1494 or Cp149,.

The HBV capsid plays a key role in HBV repli-
cation. The interaction of capsid protein with the
HBYV polymerase and pregenomic RNA initiates rep-
lication and encapsulation. Further, structural rear-
rangements in the assembled capsid protein appear
to trigger interaction with the surface antigen which
leads to the formation of infectious virus. The whole
molecule appears to act as a system of helical rods
and flexible links by which a change on the inside is
transmitted to various parts of the surface.’® These
observations suggest a dynamic model for the capsid
structure where flexibility and conformation shifts
are linked to biological function.

Materials and Methods

Preparation of Cp149,4, Cp(—10)1494 and
reduced Cp(—10)1494

For Cpl149 the construct Cpl49.2CA.G123A was
used. This protein consists of residues 1-149 with
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the cysteine residues at positions 48 and 107, and
the glycine at position 123, changed to alanine to
prevent capsid formation.?® Previous circular dichro-
ism (CD) and UV data for this construct did not
indicate any significant difference in secondary
structure compared to Cpl49y dissociated from
assembled capsids.?®> The Cp(—10)149 construct
Cp(—10)149.2CA consists of residues —10 to 149
with cysteine residues at positions 48 and 107
changed to alanine. Both Cp1494 and Cp(—10)1494
were prepared as previously described.?® Both con-
structs were buffer exchanged from 100 mM sodium
carbonate (pH 9.6) into an aqueous ammonium ace-
tate 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 Cp(—10)1494, a portion of the
buffer-exchanged protein was treated with 7 mM
DTT for 4 h. Reduced cysteine residues were subse-
quently alkylated by reaction with 5 mM iodoacet-
amide for 30 min in the dark, with subsequent
buffer exchange into 200 mM ammonium acetate,
pH 6.8 to remove excess reagents and form a final
solution at a monomeric protein concentration of 136
pmol/uL. The extent of reduction and subsequent
cysteine-alkylation was evaluated by MS.

Binding of Fab E1 to the different Cp149
constructs

Expression and purification of Fab E1 has been
described previously.” The protein was buffer
exchanged as detailed above for the Cpl49 con-
structs. Cpl494, Cp(—10)1493, and reduced
Cp(—10)1494 were mixed with Fab E1 at dimer:Fab
ratios of 1:0.5, 1:1, and 1:2. The binding of Fab E1 to
the different Cp149 constructs in the resulting mix-
tures was evaluated by MS.

HDX-MS

A 30-fold dilution with either HyO, pH 7 for non-
deuteration-type experiments, or deuterium oxide
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(Sigma Aldrich, Germany), pD 7 for deuteration-
type experiments was carried out for Cpl49,,
Cp(—10)1494, and reduced Cp(—10)1494. The reac-
tion mixtures were then incubated at room tempera-
ture for time intervals of: 0 min for the non-
deuteration-type experiments and 1, 10, 60, 240 min
for the deuteration-type experiments. The deutera-
tion reaction was quenched by lowering the pH to
2.5 with a 1:1 dilution using ice cold 4M guanidine
hydrochloride with 200 mM tris(2-carboxyethyl)-
phosphine adjusted to pH 1.9, leading to an overall
sample volume of 60 uL. Quenched samples at a
final dimer concentration of ~2-4 pmol/ul. were
immediately injected into a 50-uL injection loop on a
nano-ACQUITY UPLC system with HDX technol-
ogy®® (Waters Corporation, Milford, MA). Online
digestion was performed using an immobilized pep-
sin column with 0.05% formic acid in HyO, (flow
rate of 200 pul/min), held at a temperature of 15°C.
Peptides were trapped and desalted online using an
ACQUITY UPLC BEH C18 1.7 um VanGuard Pre-
column (Waters) at 0°C, with subsequent elution
onto an ACQUITY UPLC BEH C18 1.7 ym, 1 mm X
100 mm column (Waters) held at 0°C. Peptide sepa-
ration utilized an 8 min linear acetonitrile gradient
(5—-85%) containing 0.1% formic acid (flow rate of 40
uL/min). The eluent was directed into a Xevo G2
instrument (Waters) with electrospray ionization
and lock-mass correction (using leu-enkephalin pep-
tide). Mass spectra were acquired in MS® mode over
the m/z range 50-2000. 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.

To minimize sample carry over from the pepsin
column, three blank injections were performed
between each sample injection.5? These consisted of:
(1) injection of 5% acetonitrile, 5% isopropanol, 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, (i1) injection of 2M 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 analyze Cpl494 and
Cp(—10)149,.

Calculation of the extent and kinetics of
exchange

Deuterium uptake was calculated and compared to
the non-deuterated sample using DynamX 1.0.0 soft-
ware (Waters), for the peptide candidates generated
using the ProteinLynx Global Server. Only peptides
observed in both the non-deuterated and deuterated
samples were considered further. All blanks were
analyzed for the presence of carry over. Experiments
were carried out in triplicate at each time point.
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Absolute deuterium incorporation at a given time
point was determined by comparison with ¢ = 0 in
the non-deuterated sample. The deuterium incorpo-
ration at a given time point corresponded to the
centroid value across the backbone amide popula-
tion. Results were averaged across replicate analy-
ses at a given time point and the standard deviation
determined. To examine the differences in a compa-
rable way, the absolute deuterium uptake for each
peptide (Da) was converted to a percentage deute-
rium 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 Cpl49,,
Cp(—10)1494, and reduced Cp(—10)149y, for a given
peptide, was calculated and significance ascribed by
t-testing where a P-value <0.05 confirmed signifi-
cance. Peptides were selected for comparison to
ensure maximum sequence coverage and to be repre-
sentative 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.%®

Mass spectrometry

Mass spectra were recorded on a modified Q-ToF II
instrument (Waters, Manchester, UK) in positive ion
mode.” Voltages and gas pressures were optimized
for the transmission of non-covalent protein com-
plexes”™™ and a collision gas of xenon was used.”
Briefly, the capillary and cone voltages were kept
constant at 1.35 kV and 120 V, respectively. The volt-
age before the collision cell (collision energy) 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
HBYV related dimers were analyzed at concentrations
of 5-10 uM. For Fab E1 binding experiments, a simi-
lar dimer concentration was used, and the Fab E1
concentration adjusted accordingly to form the rela-
tive ratios as described previously.

Electronic supplementary material

Details the % deuterium incorporation of
Cp(—10)1494 and reduced Cp(—10)1494 (Supporting
Information Fig. S1) for peptides spanning the
Cp(—10)149 sequence. Mass spectra for peptides
exhibiting a bimodal deuterium incorporation with
increased deuterium exposure time in reduced
Cp(—10)1494 is shown (Supporting Information Fig.
S2). For peptide 24-37, a comparison of the deute-
rium uptake in all HBV-related proteins is examined
(Supporting Information Fig. S3). For all peptides,
the difference in the % deuterium incorporation
between Cp(—10)1494 and Cp1494 (Supporting Infor-
mation Table S1), Cp(—10)1493 and reduced
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Cp(—10)1494 (Supporting Information Table S2), and
Cp1494 and reduced Cp(—10)1494 (Supporting Infor-

mation Table

S3) is detailed, and significance

ascribed by ¢-testing.
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