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Abstract

Background: Virus-like-particles (VLPs) are attractive nanoparticulate scaffolds for broad applications in material/bio-
logical sciences and medicine. Prior their functionalization, specific adaptations have to be carried out. These adjust-
ments frequently lead to disordered particles, but the particle integrity is an essential factor for the VLP suitability.
Therefore, major requirements for particle stabilization exist. The objective of this study was to evaluate novel stabiliz-
ing elements for functionalized chimeric hepatitis B virus core antigen virus-like particles (HBcAg-VLP), with beneficial
characteristics for vaccine development, imaging or delivery.

Results: The effects of a carboxy-terminal polyhistidine-peptide and an intradimer disulfide-bridge on the stability
of preclinically approved chimeric HBcAg-VLPs were assessed. We purified recombinant chimeric HBcAg-VLPs bearing

different modified C-termini and compared their physical and chemical particle stability by quantitative protein-
biochemical and biophysical techniques. We observed lower chemical resistance of T=3- compared to T=4-VLP
(triangulation number) capsids and profound impairment of accessibility of hexahistidine-peptides in assembled VLPs.
Histidines attached to the C-terminus were associated with superior mechanical and/or chemical particle stability
depending on the number of histidine moieties. A molecular modeling approach based on cryo-electron microscopy
and biolayer interferometry revealed the underlying structural mechanism for the strengthening of the integrity of
VLPs. Interactions triggering capsid stabilization occur on a highly conserved residue on the basis of HBcAg-mono-
mers as well as on hexahistidine-peptides of adjacent monomers. This new stabilization mechanism appears to mimic
an evolutionary conserved stabilization concept for hepadnavirus core proteins.

Conclusions: These findings establish the genetically simply transferable C-terminal polyhistidine-peptide as a gen-
eral stabilizing element for chimeric HBcAg-VLPs to increase their suitability.

Keywords: Bionanoparticles, Capsid and particle stability, Chimeric VLP, Computational biology, Molecular
mechanism, Structural biology, Virus-like-particles (VLP), Vaccine, Hepatitis B virus, Bioengineering

Background

Virus-like-particles (VLPs) are self-assembled, proteina-
ceous nanoparticles derived from naturally occurring
viruses [1]. In last years, VLPs attracted broad scientific
interest due to their properties as versatile scaffold in
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nanotechnology [1-4]. These beneficial characteristics
are mainly originated from their particle integrity. Since
VLPs are not infectious and do not replicate, they are
considered as a safe format in biomedicine [5-8].

One of the best characterized model VLP is based on
the wildtype hepatitis B virus core antigen (HBcAg WT)
[9, 10]. The HBcAg WT monomer contains an assembly
domain (1-149 aa) and a C-terminal domain (CTD) for
binding of the nucleic acids. The assembly domain con-
sists of five a-helices and the major immunodominant
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region (MIR), which is located between a-helix three and
four and forms the spikes on the particles. In the assem-
bly domain, cys61 forms an intradimer disulfide-bridge,
which is not essential for capsid formation. HBcAg
monomers associated into dimers and spontaneously
assemble via interdimer contacts into small and large
VLP capsids composed of 180 (T =3-symmetry) or 240
(T =4-symmetry) subunits [11-13]. It has been hypoth-
esized that T=3 particles may be more stable as they
better tolerate stress-inducing epitope insertions [14].
HBcAg WT lead predominantly (>90%) to T =4 capsids
[15, 16].

Virus-like-particles per se are robust structures
[17-19], and are highly immunogenic as the extremely
repetitive and dense presentation of epitopes on the VLP
surface efficiently stimulates B cells [5]. When foreign
epitopes are introduced into the MIR at the tips of the
VLP spikes to obtain so called “chimeric VLP” for immu-
nization, the T=3/T=4 capsid ratio can be altered,
and the ability to build stable particles can be dramati-
cally decreased [9, 14, 20—22]. As the integrity of VLPs is
critical for their immunogenicity [23], strategies to pre-
vent destabilization of chimeric HBcAg-VLPs have been
developed [24-26]. The majorities of these alterations
implicate disadvantages in vaccine development as they
directly affect the foreign epitope sequence and may neg-
atively change the epitope conformation. In addition they
are located on a prominent area (e.g. MIR or spike) of the
VLP surface, where they tend to display an unwanted,
own immunogenicity. Therefore we have focused on
novel capsid stabilizing sites/elements located proximal
of the VLP to address these problems. An attractive ele-
ment is a naturally occurring disulfide-bridge (cys61)
which is situated inside the HBcAg-structure. Another
interesting modification site of the HBcAg is the C-ter-
minus, since it may be located in the particle lumen, has
little interaction with the spike (MIR)-inserted epitope
and is an essential determinant of VLP geometry and
assembly [9, 13, 15, 27-31]. One possible modification
is the fusion of a polyhistidine-peptide, as polyhistidine-
peptides are known to have only marginal structural
impact on the protein and a low to moderate immuno-
genicity [32, 33]. In addition, it is speculated that the
C-terminally added hexahistidine-peptide has an impact
on the association behavior of HBcAg and shift HBcAg
monomers to non-particulate aggregates [34].

Aim of this study was to investigate the stabilizing
effect of a C-terminal, histidine-peptide extension, as
well as a conserved intradimer disulfide-bridge on the
stability of chemically and physically stressed T=3 and
T =4 chimeric HBcAg-VLPs. Protein-biochemical and
-biophysical methods were employed to allow compari-
son and semi-quantification of the stability. To investigate
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this, we used a preclinically evaluated chimeric HBcAg-
VLP which is decorated by the extracellular loop of
splice variant 2 of claudin 18 (CLDN18.2). Proteins of
the claudin family are essential transmembrane compo-
nents of tight junctions. CLDN18.2 is a highly selective
tumor-associated antigen and is significantly expressed
in different solid cancer entities (carcinomas of the stom-
ach, pancreas, esophagus and NSCLC) and in normal
tissues strictly restricted to gastric mucosa [35]. There-
fore, CLDN18.2 is an attractive target for antibody-based
therapies, which are currently investigated in a phase III
study in solid cancer [36, 37]. Furthermore, CLDN18.2 is
also a target for active immunization therapy with VLPs.
Such CLDN18.2-bearing VLPs induce immune responses
against CLDN18.2 expressing cancer cells and are capa-
ble to significantly reduce the formation of pulmonary
tumors in a prophylactic vaccination mouse model [38].
The VLP presented in this study (Fig. 1a; 6His) displays a
surface epitope of claudin 18.2, and possesses a C-termi-
nal 9mer-peptide consisting of a mini-linker (GGS) and
a hexahistidine-peptide. When compared to an identical
chimeric VLP without C-terminal modification (Fig. 1a;
AHis) it assembles in a similar T=3/T =4-symmetry
ratio (Fig. 1¢; Table 1) and was therefore chosen as model
to analyze the T =3/T =4-integrity promoting influence
of the hexahistidine-peptide. Up to now, the stability of
chimeric HBcAg-VLPs has not been thoroughly studied
as to the author’s knowledge. To achieve a comprehen-
sive data set on the particle integrity of chimeric HBcAg-
VLPs, we chose a multivariate, complementary analysis
of stressed VLP samples. Selection of the analysis meth-
ods was based on sample throughput; techniques should
provide independent results from each other and a broad
size range (VLP [nm] to aggregates [um]) should be cov-
ered. We further extended the analyses to a second, pro-
prietary chimeric HBcAg-VLP to demonstrate that the
hexahistidine-peptide mediates stability in general.

In this paper we demonstrate that chimeric HBcAg-
VLPs are stabilized against diverse stress conditions by
addition of a C-terminal polyhistidine-peptide and/or a
disulfide-bridge. These findings may be of high impor-
tance for future HBcAg-based nanostructural design.

Results

Expression, purification and structural analysis of chimeric

HBcAg-VLPs

The objective of this work was to analyze the impact of a
C-terminally located 9mer-peptide, consisting of a short
linker and a hexahistidine-peptide (GGSH6), on the sta-
bility of a chimeric HBcAg-VLP based vaccine candi-
date for cancer immunotherapy [38]. For this purpose,
two chimeric VLP variants were generated, one without
(AHis) and one with a C-terminal hexahistidine-peptide
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Fig. 1 Quality control of chimeric HBcAg-VLPs. a 6His is a chimeric HBcAg construct containing a C-terminally located short linker followed by a
hexahistidine-peptide (GGSH6, black box), for details see Klamp et al. [38] The chimeric HBcAg construct AHis indicates deletion of the linker and
polyhistidine-peptide. Arrow head: cysteine residue at position 61. b Expression and purification analysis of chimeric VLPs by 12% NuPAGE stained
with colloidal Coomassie. Lanes 1 and 2: whole cell lysates from non-induced (1) and induced cells (2), respectively. Lanes 3 and 4: supernatants
after removal of cell debris (3) or overnight heat treatment (4), respectively. Lane 5: resuspended protein sediment after AMS-precipitation. Lane 6:
purified and reassembled chimeric VLPs. € PageBlue stained native agarose gel analysis of HBcAg-VLPs (lane 6 from b). The triangulation number
of T=4-VLPs and T=3-VLPs are designated. The lower row panel represents a dot blot analysis of identical spotted protein amounts of both VLPs,
using mAb3120, specifically detecting assembled particles. d Polypeptides were identified by immunoblotting of chimeric VLPs (compare lane 6 in
b) using anti-HBcAg (mAb 2-10aa, a-HBcAg) or anti-hexahistidine-peptide (a-His)

Table 1 VLP properties

NAGE® TEMP DLS®

6His AHis 6His AHis 6His AHis
T=4 ratio [%] 481421 482+30 43 43 3094538 415+64
T=4 diameter [nm] 33.840.1 309403
T=3 diameter [nm] 29.14+0.1 268403

2 From densitometry measurements

b For estimation of the ratio of the individual particle symmetries (T=4; T=3), a collective of 1700 particles were counted

¢ Hydrodynamic diameter; no discrimination between T=3 and T=4 was possible
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(6His) (Fig. 1a). Both constructs were expressed in E. coli
and purified both under native and under capsid disso-
ciating conditions (Fig. 1b). Preparations purified under
native conditions contained host cell protein contami-
nations, whereas the dissociating purification process
yielded VLPs of near homogeneity (Fig. 1b). Those prepa-
rations exhibited a purity of >90% as measured by den-
sitometric SDS-PAGE analysis and negligible amounts
of residual host cell DNA or endotoxin contaminations
(Additional file 1: Table S1) and therefore fulfill crite-
ria for a phase I clinical trial in patients. Purified VLPs
migrated as distinct protein bands with the expected dif-
ferences in migration behavior in SDS-PAGE and NAGE
(Fig. 1b, c). The identity of purified chimeric HBcAg-
VLPs was confirmed by immunoblot analysis with two
highly specific monoclonal antibodies, either recognizing
the N-terminus of both constructs or the C-terminus of
the 6His construct (Fig. 1d). The immunoblot result was
supported by mass spectrometric analysis, yielding pep-
tide fragments that cover most of the protein sequences,
including the C-termini of both constructs (Additional
file 1: Table S2).

The particulate structure of the purified VLPs was
verified independently by approved techniques, namely
DLS, NAGE, dot blot analysis and negative staining TEM
(transmission electron microscopy) analysis (Table 1)
[16, 39—-41]. Ultrastructural analysis of VLPs by TEM
indicated a homogenous diameter distribution of the
6His-VLPs, centered at 33.8 and 29.1 nm for T =4- and
T =3-particles and consisted of uniform and regular par-
ticles. Whereas AHis-VLPs exhibited a slightly more het-
erogeneous diameter distribution, centered at 30.9 nm
for T=4- and 26.8 nm for T =3-particles, some par-
ticles were misshaped and partially disrupted (Fig. 2a,
insets and Table 1). A similar result was obtained by dot
blot analysis detecting capsid-conformational epitopes
using the mAb3120 (Fig. 1c). The spotting of identi-
cal amounts of VLPs resulted in about half of the signal
intensity for the AHis VLPs than observed for the 6His-
VLPs. However, these differences could not be detected
when analyzing the VLPs in solution by DLS or NAGE
(Fig. 1c). Unstressed 6His and AHis VLPs showed simi-
lar T=3:T =4 ratios of nearly 50:50 in NAGE, which was
confirmed by TEM (Fig. 1c and Table 1).

To evaluate the influence of the disulfide-dependent
HBcAg-multimerization on the stability of chimeric
VLPs, we analyzed their occurrence, localization and
reducibility in the 6His and AHis constructs. Disulfide-
dependent chimeric HBcAg-multimers could be
separated and detected by non-reducing SDS-PAGE
conditions (Fig. 2b). We identified cys61 (Fig. 1a, arrow
heads) as the main interaction in disulfide-dependent
chimeric HBcAg-multimerization (see “Discussion”).
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When the reducing agent DTT was added to the chi-
meric VLPs, a clear decrease of the multimeric protein
bands and a simultaneous increase of the monomeric
protein bands could be detected by PAGE (Fig. 2b). Sub-
sequent stability tests of chimeric VLPs analyzing the
DTT-influence (Figs. 3, 4) were performed at 100 mM
DTT. This concentration lead to a significant reduction of
the involved disulfide bonds (Fig. 2b and Additional file 1:
Figure S1).

In summary, these results indicate that both constructs
form highly pure particles which can be further analyzed
for their capsid stability.

Chemical stability of chimeric HBcAg-VLPs with and
without hexahistidine-peptide
AHis- and 6His-VLPs samples were subjected to vari-
ous chemical stress conditions and were analyzed for
their capsid integrity by three independent approaches,
NAGE, DLS, and dot blot. Dot blot data relied mainly
on the detection of the spotted VLPs by the mAb3120.
This antibody detects a discontinuous, conformational
epitope, located on the basis of two monomers assembled
in a dimeric trimer VLP-structure [42, 43]. Reduction
or loss of dot blot signal therefore indicated any kind of
epitope modification, either because the antibody could
not bind or because the binding of the HBcAg-sample
onto the membrane was affected. On the basis of DLS the
hydrodynamic diameter of macromolecules in solution
could be deduced. The light scatter intensity was pro-
portional to the average molecular weight of all solutes,
and was dominated by the largest and most prominent
species. DLS was highly sensitive for large aggregates.
HBcAg-particles could be visualized by NAGE [44, 45].
In NAGE, capsids are defined as sharp, stained protein
bands, particle aggregation or dissociation is defined as
fuzzy banding with decreased intensity or complete loss
of signals [44, 46]. Unlike the other methods, such as
DLS or dot blot analysis, analytical NAGE was the only
technique used for VLP-analysis in this study which reli-
ably discriminated between T =3- and T =4-symmetries
of HBcAg-VLPs (Fig. 1c) [47]. Therefore we established
a semi-quantitative NAGE densitometry which enables
both, the quantitative estimation and the qualitative dif-
ferentiation between chimeric T =3- and T =4-capsids.
When the chimeric VLPs were treated with urea, a
chaotropic, nonionic protein denaturant, the particle
stability was affected in a urea-concentration depend-
ent manner. 6His-VLPs were significantly more resist-
ant than AHis-VLPs. The stability of both icosahedral
particle symmetries was diminished in the presence of
DTT. Furthermore, the capsid stability of T =3 particles
of both constructs dissociate at lower urea concentra-
tions than T =4 particles. Similar results were obtained
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Fig. 2 Initial characterization of purified chimeric VLPs by TEM (transmission electron microscopy) and non-reducing PAGE. a TEM of negatively
stained VLP preparations (from lane 6 in Fig. 1b). T=4-VLPs are marked with arrows (for higher magnification see inset in the upper right corner);
T=3-VLPs are labeled with arrow heads (for higher magnification see insets in the lower left corner). Scale bars: 200 nm. Histogram insets show
diameter distributions for T=4- (light grey) and T=3-VLPs (dark grey). Abscissa: diameter in [nm]; ordinate: VLP counts. Only entirely intact particles
were counted, total number was 479. The VLP mean diameters were fitted by Gaussian curves and the maxima are indicated in Table 1. b Colloidal
Coomassie stained 12% NuPAGE analysis of VLPs (from lane 6 in Fig. 1b) treated with increasing DTT-concentrations. Samples were incubated with
or without DTT 15 min prior non-reducing buffer supplemented and heated to 60 °C, max: sample in reducing buffer after boiling. Mono- and

by dot blot analysis using mAb3120 specific for assem-
bled capsids (Fig. 3a). Moreover, hydrodynamic diam-
eter measurements by DLS showed an almost constant
mean diameter of 40 nm from 6His in the presence of up
to 4 M urea, corresponding to capsids still in 4 M urea
solution. The AHis construct on the other hand exhibited
sufficient scatter values only up to 1-2 M urea concentra-
tion indicating lower particle stability in solution (Addi-
tional file 1: Figure S2A).

As a second chemical stress test, the influence of an
ionic detergent (SDS) at concentrations between 0.01 and
0.1% on the stability of 6His and AHis capsids was ana-
lyzed (Fig. 3b). Until a SDS concentration of 0.04% only a
minor influence on the particle integrity was detectable,

at SDS concentrations above 0.05% the capsid integ-
rity started to be affected. Both 6His and AHis capsids
showed a comparable stability. As observed before, par-
ticles of both constructs with T =3 symmetry exhibited a
weaker stability than T =4 capsids. The presence of DTT
had a minor destabilizing effect on particles. Dot blot
results were congruent with the NAGE results. DLS anal-
ysis showed an almost constant radius until a concentra-
tion of 0.06% (Additional file 1: Figure S2A).

We next examined the VLP stability of 6His and AHis
over a broad pH range. At acidic ranges, both con-
structs were similarly stable (Fig. 3c) and particle integ-
rity was lost only at a pH of two (indicated by faster
migrated smear in NAGE, data not shown). In contrast,
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(See figure on previous page.)

Fig. 3 Effects of chemical stress on VLP stability. a 6His-VLPs (upper row) and AHis-VLPs (lower row) were stressed by chaotropic agent (urea) in the
absence or presence (+-DTT) of 100 mM DTT and subsequently analyzed on PageBlue-stained 2.6% native agarose gels. Corresponding samples
were analyzed by dot blots using mAb3120 antibody specific for assembled VLPs, which is shown below the agarose gel pictures. Bar diagrams show
the normalized densitometric analysis of stained protein bands, separated by NAGE. 6His-VLPs (6) are indicated in black (T=4) and grey (T=3), AHis-
VLPs (4) in orange (T=4) and blue (T=3) bars. Four independent purifications of 6His-VLPs and three independent purifications of AHis-VLPs were
analyzed and 4-10 stained NAGEs per test were quantified. Untreated reference samples used for normalization are marked with *. Average values
are shown and standard deviations are indicated by error bars. Only experimental conditions which resulted in RSI (relative signal intensity) values
above zero are specified. b 6His-VLPs (upper row) and AHis-VLPs (lower row) were stressed by detergent (SDS) and analyzed as in a. € 6His-VLPs
(upper row) and AHis-VLPs (lower row) were stressed by different pH and analyzed as in a

at moderate alkaline pH, the 6His-VLPs were more sta-
ble than the AHis-VLPs, again with an overall higher
stability of T=4 capsids, which was more pronounced
for the AHis-VLPs. Similar observations could be done
by dot blot analysis, although binding of the mAb3120
seemed to be generally stronger influenced by the experi-
mental conditions than NAGE. T =4 particles appeared
to be less detected by the mAb (Fig. 3c, at alkaline pH)
compared to the urea or SDS treated samples (Fig. 3a,
b). Although the AHis DTT reference sample produced
lower signal intensity, the presence of DTT had only
a low effect on the VLP integrity at alkaline pH values
(Fig. 3c, bar diagram). DLS-measurements indicated an
increase of the mean diameter at acidic pH values that
correspond to isoelectric point precipitates of the chi-
meric VLPs (Additional file 1: Figure S2A).

Overall, all analyzed chemical stress parameters have
an impact on the particle stability of chimeric VLPs and
DTT treated samples showing a lower stability in urea-
and SDS-tests. In general T=3 particles show a minor
stability compared to T=4 particles (Additional file 1:
Figure S3A). In summary, the 6His construct proves a
higher chemical robustness compared to the AHis con-
struct, and stability by the addition of the C-terminal
9mer-residues increases sequential: 6His T =4>6His
T=3, AHis T=4>AHis T=3. These observations
let us conclude a particle stabilizing influence of the
linker-hexahistidine-peptide.

Physical stability of chimeric HBcAg-VLPs with or

without hexahistidine-peptide

In addition to chemical stress tests, we also examined
the influence of diverse physical stress parameters on the
stability of 6His and AHis particles. 6His and AHis cap-
sids could not be detected by NAGE and dot blot when
treated with a temperature higher than 80 °C, AHis par-
ticles exhibited a lower thermal stability than 6His cap-
sids (Fig. 4a, see 70—80 °C bar diagram). Interestingly, no
difference between T =4 and T =3 capsids was apparent
in NAGE analysis and the presence of DTT only slightly
diminished the stability of the capsids. Heat treatment
at temperatures of 70 °C and beyond leads to thermal

aggregation of the chimeric VLPs. That can already be
recognized by the appearance of white precipitates in
stressed 6His construct samples, interestingly this was
not seen for the AHis construct. Heat induced particle
aggregation could also be clearly observed by DLS analy-
sis showing an increase of the particle mean diameter
beginning at 70 °C, that was more pronounced in the
presence of DTT (Additional file 1: Figure S2B).

According to NAGE and dot blot analysis, shaking for
up to 72 h at 25 °C did not influence the stability of 6His-
VLPs, whereas a slight negative effect was detectable for
AHis particles after 72 h of shaking that again equally
affected T=3 and T =4 capsids (Fig. 4b, bar diagram).
This effect could be observed distinctly for the AHis-
VLPs by dot blot analysis, leading to faint signals at 72 h
of shaking (Fig. 4b). The presence of DTT had a positive
effect on the capsid integrity (Fig. 4b, bar diagram). DLS
measurements showed an increase of the mean diam-
eter after 72 h w/o shaking (Additional file 1: Figure S2B)
compared to fresh samples (Table 1). This could arise
from self-aggregation of VLPs over time in Tris-buffer,
which can be avoided by addition of DTT.

As a third physical stress parameter, the influence of
varying numbers of repeated freeze/thaw cycles on VLP
stability was analyzed (Fig. 4c). Concluding from NAGE
analysis, 6His capsid particles were highly resistant to
multiple freeze/thaw cycles in the absence of reduc-
ing agents. Minimal influence was detectable by NAGE
and only a slightly less intensive dot blot signal after four
freeze/thaw cycles could be observed. The T=3:.T =4
ratios of both constructs remained again constant for all
conditions investigated (Additional file 1: Figure S3B).
AHis capsids were more prone to freeze/thaw stress
than 6His-VLPs which was consistent with their overall
weaker stability already observed in most of the previ-
ous stress tests. This effect was in particular visible in the
presence of DTT, even a single freeze/thaw cycle led to
the complete disappearance of NAGE or dot blot signals
of the AHis construct. DLS measurements of samples
in the presence of DTT showed a strong increase of the
mean diameter which was much earlier detectable at the
AHis samples (Additional file 1: Figure S2B).
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In contrast to chemical stress, in physical stress-tests
no differences in the T=3:T =4 ratio could be detected
(Additional file 1: Figure S3B) and again a sequential sta-
bility was observed: 6His>AHis. Overall these experi-
ments confirm the observation that DTT-sensitive
disulfide bridges lead to a general stabilization of the VLP
integrity, furthermore the linker-hexahistidine-peptide
leads to stabilization even under physical stress.

Impact of the polyhistidine-peptide-length on the stability
of chimeric HBcAg-VLPs and stabilizing effect of the
peptide on a second chimeric VLP

The previous experiments demonstrated that the integrity
of the chimeric particles is not only stabilized by disulfide
bridges but also by the presence of a C-terminally located
linker-hexahistidine-peptide. In order to analyze the
linker-hexahistidine-peptide mediated stabilizing effect in
dependency on the histidine-peptide length, we generated
additional chimeric HBcAg-VLPs, differing in the num-
ber of C-terminal histidines (3 and 12 histidines; depicted
as 3His and 12His). As delineated above the most signifi-
cant effects on the chemical and physical particle stability
of 6His and AHis were observed in urea and temperature
stress tests (Figs. 3, 4). Therefore, these two tests were
repeated using the AHis, 3His, 6His and 12His constructs
purified under native conditions. Again, samples were
stressed with varying urea concentrations (Fig. 5a, left
panel). For both particle symmetries a histidine-peptide
length dependent, sequential stability was observed by
NAGE and dot blot analysis, with 12His-VLPs being the
most stable and AHis-VLPs being the least stable particles.
Interestingly, already three C-terminal histidines were suf-
ficient to obvious stabilize the particle integrity. Between
six and twelve C-terminal histidines only a marginal
increase of the capsid stability was observed in NAGE
(compare 5 M urea samples), which was better visible in
dot blot results (5 M vs 6 M urea samples). Under chemical
stress (Fig. 3), NAGE showed a generally higher stability
for T=4 compared to T =3 particles independent of the
polyhistidine-peptide length, which was noticed before.

The temperature stress test were closely exam-
ined, samples were exposed to different temperatures
above 76 °C in steps of 1 °C. Again, a sequential stabil-
ity of the four VLP constructs could be observed: 12His,
6His>3His>AHis. No significant difference between
T=4 and T=3 stability was observed (Fig. 5a, right
panel); this was in agreement to the previous thermal/
physical tests (Fig. 4a).

The results presented in this paragraph demonstrate
that the stabilizing influence of the linker-polyhistidine-
peptide is dependent on the histidine moieties. The
longer the linker-polyhistidine-peptide is, the more sta-
ble the chimeric VLPs are.
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Fig. 5 Effects of physical and chemical stress on the stability of
chimeric VLPs with different polyhistidine-peptide lengths and on
an alternative chimeric VLP. a Chimeric VLPs containing 0; 3; 6; 12
histidine residues (AHis, 3His, 6His, 12His) at the C-terminus were
chemically (urea) or physically stressed (temperature). Effects on the
capsid stability were analyzed by NAGE and dot blot (for details see
Fig. 3). b Chimeric VLPs (6His”"%/AHis?"%) with a different epitope
sequence and MIR-insertion site were chemically and physically
stressed as described before, only stress-tests resulting in significant
differences of the VLP stability are shown (urea and pH). All assays
were performed in triplicates

To investigate whether the C-terminal 9mer-peptide
(GGSH6) exerts its stabilizing influence also on other
HBcAg-VLPs, and therefore show a transferability of
the peptide-mediated stabilizing effect, all stress-tests
were repeated with a second chimeric VLP pair (6His*"Y/
AHis?"Y). The additional 6His*"Y/AHis?"! constructs devi-
ate from 6His/AHis but varied in the epitope sequence
and furthermore in the epitope insertion site. Here, a
novel epitope was inserted, resulting in particles with
different behavior (e.g. higher electro mobility) in con-
trast to the previous used chimeric VLPs. In four out of
six stress tests a similar stability of both constructs were
observed (data not shown). Remarkably, similar results as
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for the original 6His and AHis constructs were obtained
in urea and pH stress test (Fig. 5b). Again, the particles
with C-terminal located linker-hexahistidine-peptide
were significantly more stable than the particles without
the peptide. As found for the initially investigated par-
ticles the T =4 particles are also more robust than the
T =3 particles.

Therefore, it can be concluded that the linker-hexa-
histidine-peptide-mediated stabilizing effect is of gen-
eral nature, and can be transferred to other chimeric
HBcAg-VLPs.

Protein simulations of the C-terminus
We hypothesized that the particle stabilizing effect of the
linker-hexahistidine-peptide in chemical and physical
stress tests may rely on intra- and/or intersubunit inter-
actions of the hexahistidine-peptide with residues of the
HBcAg-backbone molecule. To analyze this hypothesis,
protein simulation studies of the C-terminal linker-hexa-
histidine-peptide in context of the capsid were performed
based on experimental data, to deduce possible stabiliz-
ing interactions. To decrease the simulated area, we first
analyzed the localization of the C-terminal hexahistidine-
peptide in- or outside of the particle lumen. For this pur-
pose, accessibility studies of the hexahistidine-peptide on
immobilized intact (VLP) or disassembled (VLP+8 M
urea) chimeric particles were performed, using two spe-
cific antibodies in a biolayer interferometry (FortéBIO
Octet Red) experiment (Fig. 6). As expected, the signals
for disassembled or intact VLPs without the hexahisti-
dine-peptide (AHis) were very low when the anti-His6-
peptide antibody for detection was used (Fig. 6b, white
bars), indicating a minor nonspecific binding of the anti-
body and the signal was therefore set as background. Not
surprisingly, a different picture arose for 6His particles.
Denaturation of the particles would lead to an increased
accessibility of the hexahistidine-peptide and, therefore,
concentration dependent binding of the anti-His6-pep-
tide antibody was expected. Disassembled 6His particles
indeed lead to a strong concentration dependent binding
of the anti-His6-peptide antibody to the now accessible
hexahistidine-peptide. Only very low signal intensities,
below the background level of the anti-His6-peptide
antibody was measurable for intact 6His-VLPs (Fig. 6),
demonstrating inaccessibility of the hexahistidine-pep-
tide in assembled 6His HBcAg-VLPs. These combined
observations of our biolayer interferometry data and
cryo-electron microscopy results (see below) indicate a
luminal orientation of the hexahistidine-peptide in chi-
meric VLPs. This is in agreement with previous published
data on HBcAg-VLPs.

In order to obtain possible 3D structures of the C-ter-
minal hexahistidine-peptide and hereby assess potential
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Fig. 6 Accessibility of the C-terminally located hexahistidine-peptide
on chimeric HBcAg-VLPs. a Typical plot of biolayer interferometry
measurement (6His construct). All measurements were performed
using equal VLP-loadings of 1.6 nm £ 0.1 on APS-sensors. Green and
black curves indicate the detection of intact (green) or disassembled
(black) VLPs using the mAb3120 specific for assembled particles. Blue
and orange curves show detection of the hexahistidine-peptide on
intact (orange) or disassembled (blue) VLP with an anti-hexahistidine-
peptide antibody (a-His) in a concentration dependent manner. b
Bindings of the a-His antibody to chimeric VLPs purified under native
conditions. Bars indicate response rates at 595 s. The response rate of
6His+8 M urea at antibody concentration of 10 nM was set to 100%
binding (dashed line) and the rate of AHis+ 8 M urea at the same
antibody concentration was set as background (backg, dotted line).
Insets display mAb3120 control plots using VLPs with or without 8 M
urea (same color as in a)

stabilizing interactions at sub macromolecular level,
we performed MC (Monte Carlo) and MD (Molecular
Dynamics) simulations in combination with a density
map derived from 6His-HBcAg cryo-electron micros-
copy images. From 1800 single particles extracted from
cryo-electron microscopical images of VLP, a 3D recon-
struction with a final resolution of 7 A was produced.
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The published crystal structure of the HBcAg dimer fit-
ted well into the obtained density map (Fig. 7a). To get
reasonable starting structures for the subsequent simu-
lations, we started with MC calculations which explored
the large conformational space of an HBcAg-penta-
dimer structure with internal situated C-termini (Fig. 7a,
colored ribbons). MC generated models were the initial
structure for the MD simulations; as expected MDFF
(Molecular Dynamics Flexible Fitting) attracted the car-
boxy-terminal parts of the 6His-VLP into the density map
(Fig. 7a—c, Additional file 2: Movie S1). In order not to
overrate the impact of the density map, we chose a small
density potential. Unrealistic or inconsistent conforma-
tions created by MDFF did not remain stable during the
free MD simulations without density map, and thus could
be excluded. The remaining conformations denoted an
interaction of the hexahistidine-peptide with the dimer
basis facing the lumen of the particle (Fig. 7d). Surpris-
ingly, no cross interaction with proximate dimers could
be observed (Fig. 7b). We found an approximation of the
first histidine from the hexahistidine-peptide with the
dimer basis, mainly to his47 (Fig. 7c, d, cyan space fill).
His47 was founded to be conserved, and was located in
a loop, between the a2 and a3 helix and might be flexible
enough to interact with the hexahistidine-peptide [13].
Although the non-conserved residues his51 and his52,
located in the border of the a3 helix, were also in close
proximity, they may not be the primary interaction part-
ners. Subsequent histidine residues of the hexahistidine-
peptide oriented to the C-terminus were more flexible
and frequently left the close vicinity of the dimer surface
(Fig. 7d) but could interact with histidines of the partner
HBcAg-monomer, especially with his47. Free MD simu-
lation of the C-terminus without hexahistidines (AHis)
was performed for comparison. Here, the C-terminus
was commonly expelled from the density map (data not
shown). The fact that the first histidine of the peptide was
able to interact with the HBcAg-dimer basis is in agree-
ment with experiments where already three histidines
(3His) exerted a stabilizing effect on the capsid integrity
(Fig. 5a).

From free MD simulations (Fig. 7d), it became obvious
that also the C-terminal histidines of two 9mer-peptides
may interact within one dimer at the interface region.
To further investigate this, we repeated the simulations
using a single dimer with C-terminal linker-hexahisti-
dine-peptides present in each monomer (Fig. 7e). 40%
of all MD simulations in combination with density map
indicated approximation of distal histidines of the two
peptides with each other. The presented results lead to
the assumption that additional C-terminal histidines (e.g.
6 and 12His) could interact with each other and further
stabilize the integrity of the VLP.
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In summary, we developed a molecular simulated
model for the hexahistidine-peptide-dependent particle
stabilizing effect based on cryo-electron microscopy data,
which suggested stabilization via two stages. An interac-
tion of proximal peptide-histidines with the HBcAg lumi-
nal side mainly via his47 may occur, additionally adjacent
hexahistidine-peptides within one dimer may interact.

Discussion

Employing protein-biochemical and -biophysical meth-
ods, we have demonstrated that a C-terminal modifi-
cation consisting of a short linker peptide (GGS) and a
polyhistidine-peptide substantially increases the propor-
tion of assembled chimeric HBcAg-VLPs when subjected
to various chemical or physical stress conditions. The sta-
bilizing effect was proportional to the length of the poly-
histidine-peptide (increasing stability: AHis < 3His < 6His,
12His). Interestingly, T=3 particles demonstrated a
minor chemical resistance compared to T =4 particles.
By utilizing MD simulations which were deduced from
cryo-electron microscopy data and supported by bio-
layer interferometry, we were able to develop a theoreti-
cal model where the hexahistidine-peptide interacts on
the basis of the HBcAg-mono/dimer and exert stabilizing
effects. In addition, a naturally occurring and experimen-
tally confirmed disulfide-bond (cys61) was identified as
an additional, independent stabilizing element for chi-
meric HBcAg-VLPs.

The exact localization of the C-terminal linker-hex-
ahistidine-peptide could not be determined yet. The
crystal structure of the HBcAg WT (terminates at posi-
tion 149) revealed that the amino acid visualized last is
thr142, which resides on the basis of the dimer and inside
of the VLP [13]. From this position, 17 aa of the C-ter-
minal peptide including linker and hexahistidine-pep-
tide (LPETTVVRGGSHHHHHH) was not yet solved at
atomic resolution. We and others presented data which
strongly supported the internal localization of the C-ter-
minal polyhistidine-peptide: (I) a luminal localization is
reported for C-termini of HBcAg WT VLPs which were
directly related to our HBcAg-VLP [27-31, 48]. (II) Our
experimental data based on cryo-electron microscopy
and biolayer interferometry support this internal locali-
zation of the C-terminus also in chimeric HBcAg-VLPs.
(II) MD simulations may give detailed insights into
the mode of molecular interactions of a hexahistidine-
peptide [49]. The combination of MD simulations with
empirical data strengthens the significance of the simu-
lations. In addition, medium resolution cryo-electron
microscopy density maps, when translated into scoring
functions, may be combined with physical or empirical
potentials to guide conformational search and thus derive
structural models of the C-terminus with high accuracy
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Fig. 7 Simulation of the C-terminal linker-hexahistidine-peptide of chimeric 6His-VLPs. a 3D reconstruction of the chimeric 6His-VLP where the
C-terminus is simulated by MD with density map present. The view is inside of the VLP lumen, half capsid density map (gray) and fitted crystal
structure of a HBcAg dimer (PDB ID: 1QGT, gray ribbons). Penta-dimer structure in colored ribbons, green distal monomers and rainbow colors
proximal monomers from which the C-terminal ends (LPETTVWRGGSHHHHHH, red) are simulated. b Stereo pair of the penta-dimer structure. For
improved visualization of the C-termini, a slightly tilted and magnified view is shown. ¢ Orientation of the C-terminus of the 6His-construct with the
density map present during the MD simulation. The crystal structure of the HBcAg dimer (yellow and green ribbons) with his47 (cyan) in space fill
is shown. Five penta-dimer MD calculated positions of the C-terminus are shown (yellow, green, blue, red and magenta). The hexahistidine-peptide
is represented by ball and stick model. Note that the hexahistidine-peptide is in close proximity to the dimer basis and to his47. d Orientation of
the C-terminus of the 6His-construct by MD simulation after removal of the density map factor, colors are as in €. Note fewer interactions of the
histidines from the hexahistidine-peptide with the histidines found in the native HBcAg sequence (e.g. his47). @ MD simulation of single dimer with
two C-terminal hexahistidine-peptides present on each monomer
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enhance the capsid resilience. Inset show a region of the HBcAg-capsid

HwH
HwH

Fig. 8 Two-stage model for the capsid stability enhancement mediated by the C-terminal polyhistidine-peptide. Schematic representation of the
interactions of the C-terminal hexahistidine-peptide with the HBcAg-dimer and the proposed two-stage model for capsid stabilizing. (1) The initial
three histidine moieties (HHH) of the C-terminus can interact with the conserved amino acid his47 (dark blue) of the HBcAg. This leads to struc-
tural adaptations in the capsid assembly domain (green arrows) and dimerization domain (light blue arrows) which in summary strengthen the
capsid integrity. (2) The distal histidines (e.g. histidine 4-6) of two C-termini within one dimer can also interact with each other and thereby further

Direct interaction

Structural changes:
@X Capsid assembly domain
&X Dimerization domain

&> Two-stage stabilization mod
#111) 1 to 3His - Hisa7

2) 4 to 6His — 4 to 6His

and confidence [50]. Our data are in agreement with a
mutated full length HBcAg (1-183 aa) without epitope
insertion. For those VLPs evidence exists, that an interac-
tion between the C-termini of lateral dimers in the five-
fold symmetry is possible [30, 51]. For our chimeric VLPs
we didn’t find such a lateral interaction of C-termini of
adjacent dimers (Fig. 7), which could be explained by the
different length of our shorter C-terminus in comparison
with the longer full length version (17 aa vs 41 aa). This
suggests an adapted mode of VLP stabilization by the
linker-hexahistidine-peptide. Based on our experimental
data we propose a two-stage stabilization mode (Fig. 8).
(1) Via the three initial histidine moieties of the linker-
polyhistidine-peptide, the C-terminus is electrostatically
anchored on residue his47 of the core antigen (Figs. 7c, d,
8). His47 is positioned on the interior surface of the VLP,
with a luminal orientation (Figs. 7c, €, 8, 9¢). Interestingly,

his47 is localized between the HBcAg-dimerization
domain (a3 helix) and the -capsid assembly domain, both
domains being known to mainly influence the capsid
stability [52—54]. The interaction of the hexahistidine-
peptide with his47 may induce structural changes in the
indicated HBcAg domains, which improve capsid stabil-
ity (Fig. 8). First, by modulating the stability and geom-
etry of the adjacent capsid assembly domain in a way that
favors capsid assembly [52, 54]. Second, by influencing
the neighboring dimerization interface, the capsid stabil-
ity may be further adjusted [53, 54]. Even marginal struc-
tural variations in the respective domains, triggered by
the his47 interaction, may affect the dimer—dimer bind-
ing strength. Also a minor enhancement of that dimer—
dimer binding strength leads in summation (T =3 with
90 dimers and T =4 with 120 dimers) to a notable contri-
bution on the capsid stability [54]. Therefore, the 3; 6 and
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(See figure on previous page.)

Fig.9 Sequence conservations and their localization in the core antigen. a Sequence alignment of the C-terminus of the full length HBcAg (WT)
and the linker-hexahistidine-peptide (6His). Color code indicates amino acid sequence similarity according to Taylor [84]. The C-terminal domains
(CTD) are marked with I-IV. b Multiple sequence alignment of the core antigen proteins was performed with the program “T-Coffee’, and the posi-
tions in the human core protein are indicated [9]. Sequences from hepadnaviruses of different origin and diverse tolerable human HBcAg mutation
variants were used (with the following sequences: NP_040997.1 heron HBV; POC6KO.1 heron hepatitis virus; ANN02856.1 tibetan frog hepadnavirus;
AKT95193.1 white sucker HBV; AEW50173.1 parrot hepatitis B virus; AAR89922.1 ross's goose hepatitis B virus; YP_024973.1 sheldgoose hepatitis B
virus; YP_031693 snow goose HBV; ADP55743.1 duck HBV; POC6K2.1 duck hepatitis virus white Shanghai; POC6K1.1 duck hepatitis virus strain China;
POC6J8.1 hepatitis virus duck; POC6J7.1 hepatitis virus 2 duck; Me.un. Melopsittacus undulatus BHBV; YP_007678002.1 bat HBV; YP_009045998.1 horse-
shoe bat hepatitis B virus; NP_671816.1 woodchuck HBV; P06433.1 woodchuck hepatitis virus 2; POC6J1.1 ground squirrel hepatitis; P89951.1 gibbon
HBV; 071303.1 woolly monkey hepatitis virus; AAF33123.1 orangutan HBV; P12901.1 chimpanzee HBV; BAF49207 HUHBVY genotype H; BAM05705
HuUHBV genotype G; CCK33700.1 HUHBV genotype F; BAD91272 HuHBV genotype E; CCH63726.1 HUHBV genotype D; BAU25817.1 HUHBV genotype
C; BAO96185.1 HUHBV genotype B; BAD91278 HUHBV genotype A; ADX43921.1 sequence of the generated chimeric HBcAg variants). Consensus
represents a consensus sequence summary of more than 200 HBcAg sequence substitutions [9]. HBVdb represents a consensus sequence extracted
from 1394 human HBcAg variants [85]. Highly conserved residues are colored in blue. The localization of amino acids which have a luminal surface
exposer was highlighted in yellow boxes. The HBcAg domain structure is indicated by gray boxes according to [9, 56]. Black arrows indicate the
sequence segment which is covered by the C-terminal linker-hexahistidine-peptide used for the alignment in a. ¢ Two HBcAg dimers (PDB ID: 3J2V)
oriented as in the capsid were visualized. Left, a luminal view is shown, whereas the right view show a lateral perspective (in gray the lumen of the
capsid is indicated). In blue, the positions of the four highly conserved residues identify in the sequence alignment in b are highlighted. The highly
conserved residues (his47 and gly111) which localize on the inner particle surface are indicated by blue arrows. The insets show an atomic surface

model of each view

12His-VLPs are more resilient than the AHis-VLPs. We
speculated that at least one histidine in the C-terminus is
sufficient to stabilize the VLP. (2) In parallel, by anchoring
the prolonged C-termini of the 6 or 12His-VLPs within
one dimer, the terminal histidines of the polyhistidine-
peptide could also interact with each other (Figs. 7e, 8).
This interaction further increases the stability of the cap-
sid by influencing the assembly or dimerization domain,
possibly at an intermediate folded state [54]. Therefore,
the 6 and 12His-VLPs are more stable compared to the
3His-VLPs. The extension of the linker-hexahistidine-
peptide (6His) by additional six histidines (12His) only
marginally increases the stability of the VLPs (Fig. 5a).
Both VLP-symmetries (T =3; T =4) are stabilized by the
C-terminal linker-polyhistidine-peptide, suggesting a
general effect or mode of action in agreement with our
simulations.

We want to deduce the relevance of the identified sta-
bilization mode to related WT core particles. First, we
analyzed the sequence similarity between the full lengths
WT C-terminus and the utilized C-terminal linker-
polyhistidine-peptide (Fig. 9a). The overall similarities
between the two C-termini are high, especially between
the initial six arginines of the full lengths WT, which
includes the C-terminal domain I to II (CTD), and the
histidine residues of the linker-polyhistidine-peptide.
The CTDs are dispensable for capsid formation at high
HBc concentrations and necessary for RNA-binding
[51]. Detailed analysis of C-terminally truncated HBcAgs
showed that the initial arginine residues of the CTD I at
position 150-152 and at 154 (in front of a phosphoryla-
tion site) are only marginally involved in the RNA-bind-
ing process [55, 56]. Interestingly, an arg-ala substitution

within the CTD I resulted in a reduced quantity of cap-
sids [57]. Recent data demonstrated that at physiologi-
cally low HBc concentration, the presence of the CTD is
a prerequisite for particle assembly [58]. This indicates an
additional function of the arginines in the stabilization/
formation process of full length WT capsid. Further-
more, it has been reported that these CTD I-clustered
arginines are protease inaccessible [30], which may be
explained by a close contact of the arginines to the VLP-
interior, and as we assume mainly to his47. We speculate
that in analogy to the stabilization mechanism of the
C-terminal linker-polyhistidine-peptide, the full length
WT C-terminus could also be possibly anchored by the
arginines to his47 and thereby stabilize the VLP. We con-
clude that the linker-polyhistidine-peptide could mimic
the designated part of the full length WT C-terminus,
especially around argl54. The position of argl54 is not
absolutely conserved, but in the range of 4 amino acids
in all analyzed core sequences an arginine is detected
(Fig. 9b; green boxes). This could reflect a dynamic prop-
erty of this subdomain, which is already seen for the
hexahistidine-peptide.

Second, we combined HBcAg substitution analysis
with phylogenic analysis of different hepadnavirus lin-
eages. Here, we identified his47 together with glyl11;
trp125 and prol38 as absolutely conserved core residues
between hepadnaviridae from men to fish, highlighted
in blue in Fig. 9b. This rare sequence conservation indi-
cates highly crucial residues. The cruciality has already
been shown for the three C-terminal residues (glylll
to pro138), which are essential for folding or capsid for-
mation [54, 59, 60]. The functions of his47 have not
been studied systematically. Only a few reports contain
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rudimentary indications for an indirect association of
his47 with the assembly behavior of capsids [61, 62].
At present, the functions of his47 are elusive, since this
residue is absolutely conserved, it most probably exhib-
its also an unnoticed key role for the core antigen struc-
tures, functions and stabilities. Therefore, we hypothesize
a central, conserved role of his47 in the stabilization of
the core antigen by a mechanism which involves argi-
nine residues around the CTD I to II of the full length
C-terminus.

With the possibility to separate chimeric T=3- from
T =4-particles by semi-quantitative native agarose gel
method, we were able to quantify T=3/T =4 symmetry
ratios and discover that T =3-capsids are less chemi-
cal stress resistant. A previous report indicates an equal
stability for the smaller T=3- and the larger T =4-cap-
sids of the HBcAg WT, adr subtype (1-140 aa) in SDS-
and pH-tests, but no quantifications were carried out
[46]. Bottcher and coauthors hypothesized that a switch
towards smaller T=3 particles after introducing for-
eign epitopes into the MIR by a higher stability of T=3
chimeric HBcAg particles [14]. In contrast to that, we
demonstrated that chemical stress (urea, pH and SDS)
disturbs chimeric T=3-capsids (originated from ayw
subtype, 1-150 aa) stronger in comparison to chimeric
T =4-capsids, and independent from the C-terminal
polyhistidine-peptide. Urea can be found to preferentially
solvate apolar and aromatic residues, as well as the pep-
tide backbone [63]. It is conceivable that urea lead to a
disturbing of domains which influences the capsid integ-
rity. One such a domain is the interdimer domain, it is
known that the interdimer contacts in the capsid were
mainly hydrophobic [52]. Urea can solvate such resi-
dues which are buried in the native state of the protein.
Solvatization of these moieties lead to a weakening of
the interdimer contacts, in consequence to a loss of the
capsid integrity and dissociation into dimers. It is known
that altering pH initiated structural changes and unfold-
ing of proteins also for VLP [64, 65]. Physical stress (tem-
perature, freeze/thaw and shaking) equally affected both
chimeric particle symmetries. From these findings we
deduce that physical stress exerts a “general” disassem-
bling effect on chimeric VLPs, whereas chimeric T=3
VLPs are specifically more sensitive to chemical stress.
These differences must rely on the structural variations
between chimeric T=3- and T =4-capsids. Variations,
besides others (e.g. size, architecture of the VLPs), the
overall dimer contacts are higher in T=4-HBcAgA-
capsids, 60 AB- plus 60 CD-dimers compared to 60 AB-
plus 30 CC-dimers occupied in T =3-capsids [15]. These
differences may reflect the higher chemical “robustness”
of the chimeric T =4-capsids. Also it has to be consid-
ered that chimeric T=4 particles may better tolerate
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the selected epitope-linker insertions and may therefore
improve stress resistance compared to T = 3-capsids.

It is widely accepted that a N- or C-terminal hexahis-
tidine-tag may improve thermal stability without being
hazardous to the structure of native proteins [2, 32,
66—68]. Vogel et al. noticed a slightly higher yield of the
hexahistidine-tagged chimeric HBcAg-VLPs compared
to untagged HBcAg-VLPs [34], but no statistical sig-
nificance was reached nor stress tests were performed.
So far, according to literature surprising little work has
been conducted on the stability of chimeric VLPs. To our
knowledge, we can demonstrate for the first time, a broad
stability analysis including physical and chemical stress
on chimeric HBcAg-VLPs. We could show that chimeric
AHis-VLPs are less stress stable than the chimeric VLPs
with linker and polyhistidine-peptide, this may be already
realized in TEM (higher heterogeneity), dot blot (lower
signal intensity) and non-reducing PAGE (lower amounts
of multimers detectable) of the AHis-VLP probes (Figs. 1,
2). Our stability data are in agreement with other stability
data on HBcAgs which are not epitope modified. In these
studies most often only one or two stress parameters were
analyzed [40, 46, 69-71], yet we extended these data by
exposing different VLPs to a broader set of stress parame-
ters and adding information on freeze/thaw- and shaking-
stability. It has been reported that cys61 and furthermore
cys48 are the disulfide bond forming residues in HBcAg
WT [53, 72, 73]. We performed MALDI-TOF-MS, immu-
noblot of tryptically digested VLPs in non-reduced and
reduced PAGE (data not shown) and identified cys61 as
the main disulfide-forming residue in chimeric HBcAg-
VLPs. This disulfide-bridge has recently been identified to
have an influence on the capsid kinetic in HBcAgA VLPs
[53]. In the presence of reducing agents such as DTT,
the T, of the HBcAgA was reduced [39]. We confirmed
these observations; moreover, in urea-, SDS- and freeze/
thaw-tests, chimeric HBcAg-VLPs are destabilized in the
presence of DTT, indicating an involvement of disulfide-
linked oligomerization (cys61 and or cys48).

Conclusions

Taken together VLPs are produced for various applica-
tions, and enhanced chimeric HBcAg-VLP-integrity
is a constitutive factor that influences their suitability.
The improvement of VLP-stability is of high interest
for pharmacology. Studies by Ulrich as well as Lu noted
problems which needed to be solved for the use of chi-
meric HBcAg-VLPs in human vaccines: one major prob-
lem was to receive intact particles that can withstand
long-term storage [23, 74]. Additionally, an improved
VLP integrity leads to an elongated immunoactivity and
potentially triggers higher antibody titers. Enhancement
of the integrity can be achieved by the extension of the



Schumacher et al. J Nanobiotechnol (2018) 16:39

C-terminus with a linker and a polyhistidine-peptide.
The C-terminal localization of the peptide provides the
benefit that it resides in the particle lumen and is thereby
prone to have a lower immunogenicity [9, 33]. In conclu-
sion, for improved stress resistance, chimeric HBcAg-
VLPs should be stored in a non-reducing environment
and in addition should possess a linker and at least three
C-terminal histidines. We propose that three C-termi-
nal histidines combine the stabilizing advantage with a
minimal anti-histidine immunogenicity compared to six
(6his) or 12 histidines (12his).

Methods

Cloning, expression and purification of chimeric
HBcAg-VLPs

Chimeric HBcAg AHis (epitope insertion site 78 aa—81
aa, epitope 10 aa, 1164 Da, pl 3.8), 3His, 12His, AHis?"!
(73 aa—82 aa, 17 aa, 1835 Da, pl 4.1) and 6His>"! coding
sequences were ordered as synthetic genes (Geneart) and
cloned into the pET-2la expression vector (Novagen).
The HBcAg 6His construct consists of the HBcAgA (a
C-terminally truncated HBcAg, which lacks the nucleo-
tide binding domain and terminates at amino acid 150)
which displays a 10mer-surface epitope of the highly selec-
tive tumor-associated cell lineage marker claudin-18 iso-
form 2 with additional flanking linkers (G4SG4), onto the
MIR of HBcAg [38]. E. coli BL21-Gold (DE3) cells (Agi-
lent Technologies) pre-cultured in LB-medium at 37 °C,
were used for expression. After overnight cultivation,
a large scale expression in TB-medium was inoculated.
All media were supplemented with 100 pug/mL ampicil-
lin. Chimeric HBcAg-VLP expression was induced at an
OD;y;=2.0-2.5 by the addition of 1 mM IPTG for 4 h
at 37 °C. VLPs were purified from E. coli lysates by heat
treatment at 42 °C overnight, followed by precipitation
of VLPs in the soluble fraction with 0.2-0.25 M ammo-
nium sulfate (AMS) for 2 h at 4 °C and slow stirring. After
centrifugation, the AMS-precipitate was resuspended in
PBS-Tween-buffer (10 mM Na,HPO,, 1.8 mM KH,PO,,
137 mM NaCl, 2.7 mM KCl, pH 7.4 and 0.25% Tween20)
by stirring overnight. For purification under native condi-
tions, resuspended VLPs were loaded onto a HilL.oad 26/60
Superdex 200 pg SEC-column (GE Healthcare), equili-
brated with PBS. Chimeric HBcAg-VLPs were eluted in
the void volume and stored until further usage at 4 °C. For
purification under capsid dissociating conditions, resolu-
bilized VLPs were disassembled with 3—3.5 M urea in PBS
(20% Glycerol; pH 9.0) at 4 °C overnight. The preparations
were loaded onto a HiLoad 26/60 Superdex 200 pg SEC-
column equilibrated with 3—-3.5 M urea in PBS-buffer and
the fractionated HBcAg dimer-pool was collected. The
reassembly into VLPs was initiated by overnight dialysis at
RT into 50 mM Tris—HCI, 800 mM NaCl (pH 7.0) buffer.
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Reassembled VLPs were further purified and concentrated
by precipitation with 0.5 M AMS, followed by centrifuga-
tion, resuspension in PBS-Tween-buffer and dialysis into
PBS-buffer. VLPs were stored at 4 °C until further use. All
samples were subsequently analyzed by Bis—Tris-NuPAGE
(Invitrogen) or Tricine-SDS-PAGE [75]. The protein con-
centration of the VLP containing fractions was determined
by OD measurement at 280 nm. VLP suspension was vitri-
fied at 1 mg/mL using a CP3 cryo-blotter (Gatan, USA) on
holey carbon grids. Samples were transferred to a 200 kV
Polara electron microscope (FEI, Netherlands) and images
were recorded on Kodak SO-163 film sheets. Images were
digitized at 1.5 A per pixel and particles were selected
manually. The dataset was divided into two separate
groups and image analysis was carried out using EMAN
[76]. When no further resolution improvement was seen,
both half datasets were compared for resolution determi-
nation. Subsequently the two half-datasets were combined
for the final structural model. Docking of the crystal struc-
tures into the density map was performed using the UCSF
Chimera fit to map command (http://www.cgl.ucsf.edu/
chimera/). For all calculations, at least five different posi-
tions on the grid were documented and evaluated with
Image] 1.45e software [77].

Chemical and physical stress tests

All stress tests were performed with VLPs purified under
native (data not shown) and dissociating conditions and
showed similar results. The VLP concentrations were
kept constant and assays were carried out in buffer with
low ionic strength to minimize concentration and/or
reassembly effects [15, 39, 52, 70]. To analyze the stabiliz-
ing effects of disulfide bridges within capsid dimers, addi-
tionally all stress tests (Figs. 3, 4) were performed in the
presence of 100 mM DTT. Stress tests were carried out
using purified chimeric VLPs dialyzed into Tris-buffer
(50 mM; pH 7.5). 0.275 pg/uL dialyzed VLP samples
were employed for all stress tests using dot blot or NAGE
for analysis. For urea-tests, a fresh urea stock-solution
(10 M) was prepared, the indicated urea molarities were
adjusted with Tris-buffer and the VLP samples were
added to reach the final protein concentration. Samples
were subsequently incubated for 24 h at RT before analy-
sis. Urea-tests were also performed in the presence of
EDTA with no significant differences (data not shown).
For temperature tests, heating was performed in a PCR
thermocycler (VWR) for 15 min at the specified temper-
atures. VLP samples were stored afterwards at 4 °C and
analyzed within the next 5 h. Freeze/thaw cycles were
performed for the designated cycle numbers by snap-
freezing in liquid nitrogen and thawing at 25 °C in a water
bath. The samples for the SDS-test were pre-incubated
for 15 min in SDS-Tris-buffer at the given concentrations
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(w/v) before analysis. Shaking stress was performed in a
thermomixer (Eppendorf) at 25 °C with 1.200 rpm for the
indicated time durations. The pH stability was carried out
by overnight dialysis into buffers with various pH values.
The pH of the buffers was monitored and did not change
by more than +0.2. Buffers were exchanged at least three
times with each 150-fold of excess volume. Dithiothreitol
(DTT) was added as a reductant to the indicated assays
5 min before the tests were performed.

Native agarose gel electrophoresis (NAGE), dot blot,
immunoblot and dynamic light scattering (DLS)

Native agarose gel electrophoresis (NAGE) was performed
using standardized 2.6% agarose gels poured in custom
made equipment ensuring a homogeneous, smooth, plane
surface and an equal thickness of the gels. 7 pg of each
chimeric VLP sample were loaded per well and separated
for 13+1 hat 50 V in TAE buffer at 4 °C. Gel staining was
done with fresh PageBlue colloidal Coomassie staining
solution (Thermo Fisher Scientific) for 30 min, followed
by overnight destaining with distilled water until a homo-
geneous background was obtained. The linearity between
protein band intensity/protein quantity was calculated
at R?>0.98 for 6His and AHis-VLPs (0-8.5 pg protein).
The inter-assay variance showed a maximum deviation
of 3% (n=3). For comparative dot blot analysis, 0.27 pg
(all constructs with histidine-peptide) or 0.54 pg (AHis) of
VLP samples were dotted onto a nitrocellulose membrane
(Pall), followed by membrane blocking, washing and
incubation for 1 h at RT with a HBcAg particle-specific,
1:10,000 diluted monoclonal antibody (mAb3120; Insti-
tute of Immunology, Tokyo, Japan) [42]. Bound antibodies
were detected by incubation with species-specific, HRP-
conjugated secondary IgG antibodies (Jackson Immu-
noResearch). After repeated washes, the membranes were
incubated with enhanced chemiluminescence solution
(Thermo Fisher Scientific) and signals were documented
with a luminescent Imager (ImageQuant LAS 4000, GE
Healthcare). Immunoblotting of NuPAGE-separated sam-
ples was performed using PVDF membranes (Millipore).
After separation, transfer and blocking of the membranes,
incubation with monoclonal primary antibodies against
the hexahistidine-peptide or HBcAg (mAb aa2-10) were
carried out for 1 h at RT [78, 79]. Secondary antibody
incubation and signal detection was done as described
for the dot blot experiments. Dynamic light scattering
(DLS) was used to characterize the different VLP samples
for particle size distribution in the nm size range. DLS
was measured using the Nicomp 380 DLS system (PSS
Nicomp) according to standard examinations. 0.5 mg/mL
VLP samples were analyzed in 200 pL volume, for 10 min
at 25 °C in glass capillaries. The hydrodynamic mean-
diameter of the particles was analyzed and only values
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with sufficient scattering intensities were plotted into the
graphs.

Densitometric analysis of Coomassie stained native
agarose gels

Densitometric analysis of stained native agarose gels
was done with four (6His) or three (AHis) independ-
ent VLP purifications and at least 4—10 stained agarose
gels were quantified for each stress test. The pH-test was
performed with only two independent purifications for
both constructs. Semi-quantitative analysis of colloidal
Coomassie stained protein band intensities was per-
formed using a high-resolution image scanning system
(Microtek ScanMaker i800) and the evaluation software
ImageQuant TL version 7.0 (GE Healthcare). To ensure
comparability, the complete NAGE procedure (casting
of the gel, loading, separation, stain-/destaining pro-
cess, scanning process) was standardized. Quantifica-
tion was only done with gels showing a clear separation
of T=3-/T =4-symmetries and a uniform background
staining. Signal intensity (volume values) minus back-
ground was calculated for each protein band and nor-
malized against untreated reference samples on the same
NAGE (marked in Figs. 3, 4 with *) and the mean and
standard deviation was generated.

FortéBIO Octet analysis

The hexahistidine-peptide accessibility within assembled
or denatured chimeric VLPs was analyzed using amino-
propylsilane (APS) sensors on a FortéBIO Octet Red sys-
tem (Pall Life Sciences). 4.5 pg/mL of assembled VLPs
(6His or AHis) and 20 pg/mL of denatured (8 M urea)
VLPs were used for loading routine (200 uL per sen-
sor). Loading was terminated manually when all sensors
reached the same response-rate. Sensors were blocked
after loading with 5% BSA in PBS-buffer for 300 s. The
His6-peptide antibody was used at concentrations of
5, 7.5 and 10 nM. The HBcAg particle-specific anti-
body mAb3120 was used at a concentration of 50 nM.
Data were processed and analyzed using the Octet Data
Analysis 7.0 software. Program: baseline: 1000 rpm for
180 s; load: 1000 rpm for 600—1200 s; baseline: 1000 rpm
for 180 s; blocking: 1000 rpm for 300 s; association:
1000 rpm for 600 s; dissociation: 1000 rpm for 600 s.

His-peptide protein simulations

For the simulation of the chimeric VLP C-terminus includ-
ing the hexahistidine-peptide, a 7 A density map derived
from cryo-electron microscopy images of 6His-VLPs was
used as described previously [38, 80]. The atomic structure
(PDB ID: 1QGT) lacking the polyhistidine-peptide was fit-
ted into the density map. To this aim, first, Monte Carlo
(MC) simulations were performed using a filtered density
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map. Initially fully expanded, luminal peptide (LPETTV-
VRGGSHHHHHH) conformations were created before
the addition of side chains using the psfgen tool [81]. The
MC simulations were performed over peptide dihedrals.
The energy function was a linear combination of the trans-
formed density, Coulomb, van der Waals and knowledge
based potentials for scoring solvation and the backbone
conformation [82]. Second, a molecular dynamics (MD)
simulation using the filtered density map was carried
out. Starting from MC conformations, the final fit of the
C-termini into the density map was performed exploit-
ing the MDFF (Molecular Dynamics Flexible Fitting) tool
in using the CHARMM force field (scaling factor: 0.15 of
the density potential) and ran for one million steps NAMD
[83]. Third, free MD simulations without the density map
present were calculated. For each unit, two million steps
of free MD with generalized born implicit solvent were
performed. This procedure was done with five different
clippings from the capsid, comprising the C-termini. Each
clipping-unit was composed of 10 monomers, respectively
five dimers forming a pore-like geometry to which we will
refer as penta-dimer (Fig. 7a, b). This should provide a
realistic environment for the simulation of the C-termini,
resulting in a total of 25 loop models. In the simulations of
the penta-dimer only the C-termini, respectively the hex-
ahistidine-peptides facing the pore regions were extended
and simulated. Molecular graphics images were produced
using the UCSE-Chimera software.

Additional files

Additional file 1: Table S1. Quality control of chimeric VLPs. Table S2.
Mass spectrometric analysis (MALDI-TOF-MS) of tryptic fragments derived
from PAGE-purified 6His (bold) and AHis (underlined) VLPs. Figure S1.
Graphical evaluation of densitometric analysis of the monomeric protein
bands. Monomer protein bands intensities of 0 mM DTT were set to zero
(background) and max was set to 100 % (complete reduction) see Fig. 2b.
RSI: relative signal intensity. Figure S2. Effects of chemical or physical
stress on VLP stability analyzed by dynamic light scattering (DLS). Chimeric
6His-VLPs (6His) and AHis-VLPs (AHis) were A) chemically or B) physically
stressed in the absence (black and light grey) or presence (+DTT, dark
grey and white) of 100mM DTT and subsequently analyzed with DLS. The
mean hydrodynamic diameters of all stressed VLP samples are analyzed
and only measurements with adequate scattering intensities were plotted
into the graphs. Standard deviations are indicated by error bars. Figure
$3. Graphical representation of T=3/T=4-symmetry-ratios of different
stress tests. T=3/T=3-symmetry-ratios of chemically (A) or physically (B)
stress test were calculated from normalized densitometric measurements
Figs. 3, 4. Controls subsume all reference VLP samples marked with * in
Figs. 3, 4. Treated subsume all the different processed VLP samples. Values
with >50 % SD were excluded from the calculations, except adjacent
values had >50 % differences. Blue rectangles mark the range of the
untreated control T=4/T=3 ratios (*) without DTT.

Additional file 2: Movie S1. Simulated, internal localization of the
hexahistidine-peptide in 6His-VLP. Capsid density map (gray) and fitted
crystal structure of a HBcAg dimer (pdb: 1QGT, ribbons). Penta-dimer
structure in colored ribbons, green distal monomers and rainbow colors
proximal monomers from which the C-terminal ends (red) are simulated
(compare Fig. 7a, b).
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