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Localizing conformational hinges by NMR: where do HBV core 
proteins adapt for capsid assembly? 
Lauriane Lecoq[a], Shishan Wang[a], Thomas Wiegand[b], Stéphane Bressanelli[c], Michael Nassal*[d], 
Beat H. Meier*[b], Anja Böckmann*[a]

Abstract: The hepatitis B virus (HBV) icosahedral nucleocapsid is 
assembled from 240 chemically identical core protein molecules and, 
structurally, comprises four groups of symmetrically nonequivalent 
subunits. We show here that this asymmetry is reflected in solid-
state NMR spectra of the capsids in which peak splitting is observed 
for a subset of residues. We compare this information to dihedral 
angle variations from available 3D structures, and also to 
computational predictions of “dynamic” domains and molecular 
hinges. We find that while, at the given resolution, dihedral angles 
variations directly obtained from the X-ray structures are not precise 
enough to be interpreted, the chemical-shift information from NMR 
correlates, and interestingly goes beyond, information from 
bioinformatics approaches. Our study reveals the high sensitivity 
with which NMR can detect the residues allowing the subtle 
conformational adaptations needed in lattice formation. Our findings 
are important for understanding the formation and modulation of 
protein assemblies in general. 

When proteins assemble into larger superstructures, the 
constituting molecules are in many cases no longer symmetry 
equivalent, as they need to conform to a minimum energy 
configuration. This is observed in protein crystals, but also in 
protein fibrils or viral capsids and envelopes. In crystals, a 
subunit from which the entire structure can be generated by 
symmetry operations is called the asymmetric unit, and this 
concept is also used in other symmetric assemblies like 
icosahedra with a triangulation number T>1, where the 
monomers need to distort in nonequivalent classes of 
conformations upon assembly.[1] These distortions can either be 
distributed over the protein chain, or be localized at a few key 
residues, i.e. hinges, interconnected by predominantly rigid 
bodies. The identification of hinge residues is important in a 
variety of areas, and computational software, as for example 
DynDom,[2] has been developed to determine “dynamic” 
domains (with dynamics referring there to differences between 
two static structures, and not actual flexibility), hinge axes and 
hinge bending residues from two protein conformers, and was 

successfully applied to compare structures with a resolution 
higher than 3 Å.[3] 
The HBV particle is composed of an outer envelope and an 
inner nucleocapsid formed by a self-assembling core protein 
(Cp) of 20 kDa. The first ~140 amino acids of Cp are sufficient 
for capsid assembly.[4,5] First cryo-electron microscopy (cryo-
EM),[6,7] and later on crystallography,[8] revealed the structure of 
Cp149, as a mainly α-helical protein which dimerizes via 
formation of a four-helix bundle. In the assembled capsid, these 
bundles appear as perpendicular dimeric spikes punctuating the 
capsid shell that is formed by lateral dimer-dimer contacts. The 
T=4 icosahedral symmetry accommodates four distinct (A, B, C 
and D) environments with 60 molecules each. Two types of 
dimers, 60 of type AB and 60 of type CD,[9] assemble in 12 
fivefold vertices composed solely by subunit A, and 30 quasi-
sixfold vertices composed by subunits B, C and D. Because the 
HBV capsid follows classical quasi-equivalence,[1] the contacts 
between dimers around the five- and quasi-sixfold vertices are 
very similar and involve the same residues. More recently, cryo-
EM revealed structural details of HBV capsids down to 3.5 Å 
resolution, resulting in a similar structure to X-ray for the four 
molecules.[10] EM studies of the capsid have further shown that 
the local structural modifications caused by the insertion of 
additional amino acids leads to global structural changes where 
hinge residues play an important role.[11] Hinge-mediated 
motions may also enable the dynamic structural changes 
suspected to accompany viral genome maturation during HBV 
replication.[12] 

Virus capsids can also be studied by solid-state NMR.[13-15] 
NMR chemical shifts, and especially those of carbon-13, are 
highly sensitive to backbone dihedral angles, and can detect 
conformational differences by chemical-shift perturbations, 
typically when an interactant is added, or in protein complexes 
(for a review see [16]). When different conformations (or more 
general crystallographically inequivalent species) are present in 
a single entity, this results in the observation of peak splitting in 
the spectra.[17-22] We show here, at the example of the HBV 
capsid, that peak splitting is indeed observed in the spectra for a 
specific subset of residues, and that these sites correlate with 
molecular hinges, but also the “dynamic” domains, identified by 
the bioinformatics approach in DynDom. 

We here investigated E. coli self-assembled Cp149 HBV 
capsids forming homogeneous T=4 icosahedra with a typical 
diameter of 30 ± 3 nm (Figure 1a). The 13C and 15N resonances 
of the Cp149 protein were assigned using 3D spectroscopy,[23] 
and the annotated 2D 13C-13C Dipolar Assisted Rotational 
Resonance[24] (DARR) spectrum of the capsids is displayed in 
Figure 1b. Sequential assignments reveal that a subset of 
residues experiences resonance splitting, with up to 2.5 ppm of 
chemical-shift differences amongst themselves in the 13C and/or 
15N dimensions. Indeed, peak splitting is clearly distinguishable 
for residues A11, T12, L16-D22, T33-S35, L108-F110, S121-
W125, R127, T128, P130-Y132 and N136-P138 (Figure S1). 
Chemical shifts of all forms are given in Table S1.  
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Figure 1. a) Negative-stain EM micrograph of 
Cp149 capsids. b) 2D 13C-13C DARR solid-state 
NMR spectrum of Cp149 capsids recorded with a 
mixing time of 20 ms. All assigned Cα-Cβ intra-
residue correlations are labeled with the residue 
number except for proline residues where the Cg-
Cd peaks are labeled. Residues with peak splitting 
are indicated in bold letters and corresponding 
resonances are highlighted in yellow. The 
spectrum was processed using a squared cosine 
apodization (SSB 3). 

 

 Where four distinct signals are observed (as for example 
A137 shown in Figure 2a), they can be assigned to the four 
crystallographic distinct molecules in the asymmetric unit 
represented in Figure 2b. When two sets of peaks are observed, 
it suggests that at least one monomer is significantly distinct 
from the others. In total, detectable peak splitting was observed 
for 28 residues, representing almost 20 % of the protein. 

Nearly all residues showing peak splitting are located close 
to the fivefold (Figure 2c) and quasi-sixfold (Figure 2d) vertices, 
while none of the residues within the spikes of the capsids is 
concerned. About half of them are located in loops, where the 
backbone is less constrained by hydrogen bonds than in regular 
secondary structure elements, and the remaining are mainly 
located towards the beginning or end of the base plate helices 
(Figure S2). For A137, the four Cα-Cβ correlation peaks can be 
easily distinguished in the 2D spectra (Figure 2a). An analysis of 
the multiple peaks from a same residue in the 2D DARR 
spectrum  (Figure S3) and 3D spectra (Figure S4) reveals similar 
intensities, which suggests that the peaks indeed correspond 
respectively to the 60 A, B, C and D subunits per capsid. The 
same behavior is observed for the other residues displaying 
peak quadrupling, namely T12, S35 and T128. On the contrary, 
when only two or three peaks are observed in the NMR spectra, 
one peak is usually more intense, representing 120 or 180 
subunits with a rather similar environment. 

The nonequivalence of the four subunits is also visible in 
the X-ray structure,[8] as seen in Figure 3a where the four 
monomers are aligned using PyMOL.[25] Some residues display 
significant differences between the four monomers such as 
Y132, N136 or A137. As a consequence, the intermolecular 
contacts in the five- and quasi-sixfold vertices are indeed 
different, as shown in Figures 3b and c at the example of A137. 
Naively, one would assume that the deviation between the 
dihedral angles of the molecules in the unit cell would correlate 
with the residues showing peak splitting. An analysis of the local 
variations in backbone torsion angles j and y between the four 
monomers in the X-ray structure (as standard deviations), which 
are shown in black in Figure 3d, however reveals that this is not 
the case. Instead, the variations are rather uniform along the 
sequence, with few N- and C-terminal residues, plus some 
residues in the spike loop displaying higher variations. It has 
however already been realized that the sum of torsion-angle 

rotations needed to superimpose two structures to the 
experimental accuracy can be 10 times larger than when just 
adding j and y differences along the protein backbone,[26] even 
for structures showing higher precision than Cp149 (1.7 vs 3.5 
Å). Using computer programs which localize differences 
between two given (X-ray) structures,[26-28] one obtains for 
example for two nominally identical structures of dihydrofolate 
reductase at 2.2 Å (PDB codes 1RG7[29] and  1DDS[30]) a 
difference in dihedral angles of 9°±11°.[26] Even between the 
dihedral angles obtained from two high resolution and nominally 
identical structures, significant dihedral angle variations (4.4°) 
are found (Figure S5). 

 
Figure 2. a) Extract from a 2D DARR spectrum, as well as a 1D trace, 

displaying the Cα-Cβ correlations of Ala137 showing a peak quadrupling, 
corresponding to the four molecules in the unit cell. b) Capsid structure (PDB: 
1QGT[8]), with localization of the monomers on the five- and quasi-sixfold 
vertices. c, d) Sphere representation of the side chains of the 28 residues 
showing NMR peak splitting, located near the fivefold (c) and quasi-sixfold (d) 
interfaces, shown on the capsid structure. On the top right are given the 
schematic representations of the subunit arrangement in the T=4 capsid, 
described in[8]. A, B, C and D subunits are shown in green, cyan, magenta and 
yellow, respectively. The A subunits form pentamers while B, C and D 
subunits form the hexamers. 
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Figure 3. a) Overlay of the four capsid 
subunits to visualize on one hand the 
differences in the X-ray structures 
between the molecules in the 
asymmetric unit (PDB: 1QGT[8]), and on 
the other hand the residues for which 
peak splitting is detected by solid-state 
NMR (shown as sticks in the color of 
the corresponding subunit: green, cyan, 
magenta and yellow for A, B, C and D 
subunit respectively). b) Zoom into the 
five-fold vertices with equivalent 
distances shown for the Cβs of A137 
between the five A subunits. c) Zoom 
into the quasi-sixfold vertices with non-
equivalent distances shown for the Cβs 
of A137 between each B, C and D 
subunit. d) Plots of the rms of the 
standard deviations between the 

backbone dihedral angles of the four subunits of the X-ray structure of Cp149 (PDB 1QGT[8], black line), and the corresponding value predicted from the chemical 
shifts of the different forms observed by NMR using TALOS+[31] (red line). Residues displaying peak splitting in the NMR spectra are highlighted by pink bars. 
Unassigned residues are marked by grey circles. e) 13C chemical shift variance of the different forms observed by NMR (grey bars) and identification of residues 
involved in interdomain motions using the DynDom software[2] (horizontal bars). The “dynamic” domains (in red) and the bending residues (in green) are 
determined by comparing pairwise the A, B, C and D chains of the X-ray structure (PDB 1QGT[8]).  

Backbone torsion angles can also be derived from the NMR 
secondary chemical shifts. Using a databank approach, the 
program TALOS+[31] delivers j and y from the chemical shifts of 
the residue to be investigated, plus for one neighbor on each 
side. The standard deviation between the dihedral angles 
predicted from the split resonances (Table S1) is shown in red in 
Figure 3d. Evidently, the torsion-angle variations differ between 
the two methods: while NMR shows an average deviation of 1.5° 
and only 38 residues involved in changes, the X-ray analysis 
lacks the clear pattern observed by NMR, with an average 
deviation of 14°, and no link between the two dihedral-angle 
variations is apparent. Given the observations described above, 
this is no great surprise and the variations in the X-ray structure 
are probably background differences.[26] (For similar results from 
the comparison between the X-ray and EM capsid structures 
see Figure S6 and S7).  

Confronting the NMR data to predictions from the program 
DynDom[2] designed to identify hinges from the comparison of 
two X-ray structures was more successful. DynDom defines 
“dynamic” domains, as well as residues involved in interdomain 
bending (http://fizz.cmp.uea.ac.uk/dyndom/dyndomMain.do). 
(While from the wording one could infer a motional analysis, the 
actual flexibility of the protein is of no subject in this context, as 
only two structures are compared.)  Applied to the capsid 
monomers in a pairwise analysis using the DynDom webserver 
(Figure 3e), “dynamic” domains (in red) and bending residues (in 
green) were identified for all pairs (with exception of the C and D 
monomers which do not reveal any “dynamic” domains or 
hinges). The individual comparisons yield similar regions 
involved in interdomain bending, one near the N-terminal, and 
another in the C-terminal domain. The overlap of the pairwise 
analyses is, with the exception of AC, rather consistent. 
DynDom classifies the residues in three classes: rigid domains, 
hinges and, in addition, the “dynamic” domains which are not 
necessarily rigid, but show an intradomain variation smaller than 

the interdomain motion. For the C-terminal, DynDom clearly 
differentiates between “dynamic” domains (residues ∼121-135) 
and bending residues (∼117-120), while in the N-terminal region 
this distinction is less clear-cut, and globally comprises residues 
8-24. Residues T109 and F110 were only detected as bending 
residues between subunits A and C. The differences observed 
between the pairwise comparisons of monomers A-D illustrate 
the limit of the approach, but overall, good agreement is found. It 
is interesting that both the “dynamic” domain and hinge residues 
identified using DynDom strongly correlate with the residues for 
which NMR peak splitting is observed (observed chemical-shift 
variance shown as grey bars in Figure 3e), which reveals that 
actually the “dynamic” domains show a variability comparable to 
the hinges as response to constraints from capsid assembly. In 
particular, splitting in the C-terminal region for residues S121 to 
Y132, including helix a5, coincide with the “dynamic” domain 
from the DynDom analysis. The large chemical-shift variations 
observed for residues 136-138 fall into the range of the 
mechanical hinge predicted by DynDom. Interestingly, no peak 
splitting is observed for the predicted hinge residues 118-120, 
but only from residue 121 onwards. These residues are part of 
helix a5 spanning residues R112-R127, and even if the hinge 
seems shifted compared to the DynDom prediction, it still 
comprises parts of the helix. Residues A11, T12 and L16-D22 
displaying peak splitting coincide with the N-terminal region 
identified as “dynamic” hinges by DynDom, which however 
shows a rather large distribution over the different pairs, 
including regions not highlighted by NMR. T109 and F110, 
exclusively detected as bending residues between A and C 
monomers by DynDom, display, together with L108, peak 
splitting in the NMR spectra. Interestingly, residue G111 in this 
same region has been described as hinge in an early EM 
study.[11] Residues T33 to S35 are only identified by NMR peak 
splittings, and are located in helix a2 which is facing helices a1 
and a5, part of the N-terminal and C-terminal hinge regions 
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respectively. Overall, these results show that the peak splitting 
observed in the NMR spectra correlates to a large extent with 
both the hinges and the “dynamic” domains identified by the 
DynDom method.  

It has been suggested early on that the accurate 
recognition of sites involved in interdomain motions, here linked 
to the creation of adequate interfaces on mutimerization, may 
identify possible target sites for drugs.[27] And indeed, in the 
available structures of the core protein in complex with 
inhibitors,[32,33] T33, T109, F110, F122, V124, W125, T128 and 
Y132 residues are in close contact with small molecule 
assembly modulators (Figure S8), which are currently intensely 
investigated as potential new anti-HBV drugs.[34] Interference 
with the possibility to create adequate conformers via hinge 
motion, or inversely the stabilization of certain conformations 
promoting assembly, is likely involved in assembly modulation 
by these drugs. Alternatively, the hinges might play a role in 
accommodating assembly modulators at critical locations at 
protein interfaces. 
 In summary, we have demonstrated that structural 
differences between quasi-equivalent HBV core proteins occur 
in strategic positions near the interfaces between the dimers, 
and no distortions are found in the helices that form the spikes of 
the capsid. This immediate information from NMR correlates well 
with information on molecular hinges extracted via bioinformatics 
methods, here DynDom, from high-resolution 3D structures but 
is more explicit because it is a direct residue-specific 
observation not requesting extensive postprocessing of the 
primary data. The site-selective information from NMR is of 
particular importance to further analyze in detail the different 
conformations which the HBV capsid is thought to access during 
genome and particle maturation,[12] as well as its interactions 
with assembly modulators. 
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COMMUNICATION 
The HBV capsid shows four 
different molecules in the T = 4 
icosahedral assembly. This results 
in peak splitting observed in the 
solid-state NMR spectrum for 
residues showing conformational 
variations between the different 
monomers. We show that this 
splitting directly locates molecular 
hinges allowing for capsid 
assembly.  

 

 

 Lauriane Lecoq, Shishan Wang, 
Thomas Wiegand, Stéphane 
Bressanelli, Michael Nassal*, Beat H. 
Meier*, Anja Böckmann* 

Page No. – Page No. 

Localizing conformational hinges 
by NMR: where do HBV core 
proteins adapt for capsid 
assembly? 
 

  

 
 
   

 
 

10.1002/cphc.201800211

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemPhysChem

This article is protected by copyright. All rights reserved.


