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Abstract 

The hepatitis delta virus (HDV) S-HDAg and L-HDAg antigens are the two isoforms of the 

single protein encoded by the viral genome. Together with the double-stranded RNA genome 

they form the HDV ribonucleoprotein (RNP) complex. In the context of a divide-and-conquer 

approach, we used a combination of cell-free protein synthesis (CFPS) and proton (1H)-detected 

fast magic angle spinning (MAS) solid-state NMR at highest magnetic field to characterize S-

HDAg. We sequentially assigned de-novo its isolated N-terminal assembly domain using less 

than 1 mg of fully protonated protein. Our results show that the assembly domain is the sole 

rigid component in S-HDAg, with its structure remaining fully conserved within the full-length 

protein. In contrast, the rest of the protein remains dynamic. This work provides the necessary 

foundation for future studies of the viral RNP. 
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Introduction 

Hepatitis D (or delta) is an inflammatory disease of the liver caused by the hepatitis delta virus 

(HDV), which relies on the hepatitis B virus (HBV) for replication, since the latter provides the 

envelope proteins for viral particle formation in the context of co-infection1. HBV has a 

worldwide distribution, with nearly 5% of people with chronic HBV infection also infected 

with HDV. This often leads to a more aggressive form of hepatitis, with rapid progression to 

liver cirrhosis and an increased risk of hepatocellular carcinoma2. HDV carries a 1700-base 

circular RNA genome, that is mostly double-stranded, resulting in the formation of a rod-like 

structure3. The hepatitis delta antigen (HDAg) is the only protein encoded by the genome. It 

exists in two isoforms, the small and the large delta antigens (S-HDAg and L-HDAg 

respectively). S-HDAg, which is 195 amino acids long, is essential for HDV replication4,5. L-

HDAg has a C-terminal addition of 19 amino acids, resulting in a 214 amino acid form6. S-

HDAg is required for HDV genome replication5, while L-HDAg hinders this process7,8. L-

HDAg is essential for ribonucleoprotein (RNP) packaging by the HBV envelope proteins9,10. 

The N-terminal assembly domain of HDAg, from residues 12 to 60, was identified early on and 

its structure was solved by X-ray crystallography using a synthetic peptide11. Each monomer 

consists of a long helix interrupted by a turn, and another short helix. The protein forms a dimer 

in which the long helices gather into an antiparallel coiled coil structure. In the crystal, it further 

assembles into octamers11, which can also form during HDV replication12. The capacity of the 

protein to form multimers and its ability to bind specifically to HDV RNA13,14 suggest its 

involvement in the formation of the RNP15, yet the molecular details of this process remain to 

be determined. While predictions were available previously16, we have recently experimentally 

determined the 3D structure of the C-terminal domain of S-HDAg (S-HDAg60), from residues 

61-195, using solution-state NMR (Yang et al., submitted), and established the RNA-binding 

properties of this domain. However, structural studies of the full-length S-HDAg protein remain 

unavailable at the present time, probably due to its high aggregation propensity17.  

Here, we address the S-HDAg protein, and in a divide-and-conquer approach also its isolated 

assembly domain, HDAg1-60. The use of cell-free protein synthesis (CFPS)18,19 represents a 

significant advantage in this strategy, as it produces the protein aggregates as the sole isotope-

labeled component of the reaction. This largely eliminates the need for further processing, 

although pellet washing after CFPS improves the purity of the recovered protein assembly. One 

can mention that for soluble proteins, we remove impurities using single-step affinity 

purification20–22. The preparation is then directly analyzed by high-field proton-detected magic-

angle-spinning NMR (1H-MAS-NMR), compatible with the sub-milligram amounts 
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obtained20,21,23–25. The NMR fingerprints identify HDAg1-60 as the only rigid part of HDAg, and 

resonance assignments of its fully protonated form show that the structure of the assembly 

domain is largely conserved within S-HDAg, thereby elucidating its structural organization.  

 

Results 

NMR sample preparation of S-HDAg and HDAg1-60 assembly domain  

We produced the S-HDAg protein and its isolated assembly domain HDAg1-60 (Fig. S1a) using 

wheat germ (WG) CFPS18, as summarized in Fig. 1a. Following the addition of the mRNA 

encoding the protein to the cell-free reaction, the protein of interest is synthesized overnight. It 

is then isolated by centrifugation where it separates into the pellet (i.e. insoluble) fraction, 

confirming its previously observed high aggregation propensity17. Consequently, the protein 

could not be purified without perturbing its native state, and we used a simple washing step to 

remove some of the unlabeled contaminants from the newly synthesized and thus isotopically 

labeled protein. The resuspended pellet (P in Fig. 1b,c and Fig. S2) is then centrifuged directly 

into the MAS rotor. The entire sample preparation process takes less than 2 days. The protein 

yield for both S-HDAg and HDAg1-60 is approximately 1 mg per ml of WG extract (WGE) 

used, sufficient to fill a 0.7 mm MAS rotor. We have used the same approach to produce 

selectively labeled samples, where the added amino acids reflect the desired labeling scheme.  

  

Figure 1. NMR sample preparation. a) mRNA template is translated into the protein in the CFPS reaction (see 

Materials and Methods for details). The washed and resuspended pellet is sedimented into a 0.7 mm NMR rotor 

using a home-made filling tool26. Coomassie stained gels of b) CFPS of [2H,13C,15N]-labeled (DUL) S-HDAg and 

c) of DUL-HDAg1-60. The supernatant (S) and pellet (P) fraction of the total cell-free reaction are shown.  

 

The assembly domain is conserved in S-HDAg, and represents its only rigid part  
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We first recorded a 2D hNH fingerprint NMR spectrum of [2H,13C,15N]-labeled (DUL) S-

HDAg (Fig. 2a,b). One can note that since CFPS is carried out in H2O, all labile protons are 

protonated. The chemical shift dispersion of the amide protons (HN), ranging from 6.3 ppm to 

9.5 ppm, is indicative of a folded protein (full spectrum in Fig. S3). The spectrum shows well 

resolved resonances, but their number is significantly lower than the expected 195. To identify 

the resonances observed in the S-HDAg spectrum, we then prepared a sample of DUL HDAg1-

60 (Fig. 2a). A comparison of the 2D hNH spectra of the two proteins in Fig. 2c reveals that they 

share a similar set of resonances, suggesting that the peaks of S-HDAg originate from the 

HDAg1-60 domain. Since the cross-polarization-based (CP) based hNH NMR spectra reveal 

only rigid parts, we conclude that the remaining residues of S-HDAg (61 to 195) must be 

dynamic. Both spectra show about 40 resolved resonances, meaning that also only parts of 

HDAg1-60 are visible. A comparison of the S-HDAg and HDAg1-60 1D hnH spectra reveals a 

significant difference in signal-to-noise ratio (SNR) (Fig. 2f, green and yellow spectra, 

respectively). This is due to the three times larger protein, and the fact that the S-HDAg sample 

contains more contaminants (Fig. 1b,c).  

The NMR resonance linewidth is an indicator of sample homogeneity. We therefore measured 

the total amide proton linewidth (tot(HN)) for a selection of 14 isolated peaks (Table S1), as 

shown for two selected resonances in Fig. 2g. The median values are shown in Fig. 2h (bar plot 

in Fig. S4), and reveal that DUL-S-HDAg and DUL-HDAg1-60 have similar linewidths of about 

0.14 ppm, comparable to the average linewidths measured for the HBV capsid at a similar MAS 

frequency25.  

We also prepared a [13C,15N] uniformly labeled (UL) HDAg1-60 sample for side-chain 

assignments, whose 2D hNH spectrum is compared with DUL-HDAg1-60 in Fig. 2d. The 

linewidths are on average about 40% broader due to the denser proton dipolar-coupling 

network. The use of high magnetic field (1.2 GHz proton frequency) allowed to reduce the 

linewidth, including the homogeneous contribution (Table S2), below that of DUL HDAg1-60 

(in red in Fig. 2 and Figs. S3,4), and significantly improved resolution in the 2D hNH (Fig. 2e), 

as previously observed for other proteins27. We therefore recorded further 3D spectra for 

sequential assignments at 1.2 GHz.  
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Taken together, our data show that the structure of the oligomerization domain appears to be 

largely conserved in S-HDAg, and represents its only rigid part, since the C- terminal S-

HDAgΔ60 domain remains dynamic.  

Figure 2. The assembly domain is observed in the hNH spectra of S-HDAg. a) Schematic representation of the 

different protein constructs analyzed and their labeling. b) 2D hNH spectrum of DUL-S-HDAg (dark green) and c) 

overlay with DUL-HDAg1-60 (yellow). d) Overlay of the 2D hNH spectra of DUL-HDAg1-60 (yellow) with UL-

HDAg1-60 (blue). The spectra in panels b-d are recorded at 100 kHz MAS frequency and 850 MHz proton Larmor 

frequency. e) Overlay of the 2D hNH spectra of DUL-HDAg1-60 (yellow) and UL-HDAg1-60 (magenta) recorded at 

100 kHz MAS frequency and at 850 MHz and 1.2 GHz proton Larmor frequencies respectively. f) Overlay of the 

first FIDs of the 2D hNH spectra of DUL-S-HDAg (dark green), DUL-HDAg1-60 (yellow) and UL-HDAg1-60 (blue) 

shown in panels a to c. g) 1D 1H traces for resonances labeled with * and ** (1 (15N) = 116.19 and 126.33 ppm 

respectively) from the 2D hNH spectra in panels b-e. tot(HN) is given for DUL HDAg1-60 (yellow) and UL HDAg1-

60 (red). h) Box plots of tot(1HN) (Table S1 and Fig. S4) of 14 selected isolated peaks in the 2D hNH spectra shown 

in Fig. 2b-e. The median total proton linewidth is given. 
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Sequential backbone resonance assignments of HDAg1-60 

In order to compare S-HDAg and HDAg1-60 in more detail, we sequentially assigned the 

resonances of the latter using 3D hCANH, hCAcoNH, hNCAH, hNcoCAH and hCONH 

experiments28 recorded on UL HDAg1-60.  Inter- and intra-residue correlations are shown in Fig. 

3a,b at the example of residues W20, V21 and A22. Transfer efficiencies of the different 

experiments are given in Fig. S5.  

These spectra allowed for the de-novo assignment of 28 residues of HDAg1-60. Peak overlap, 

especially in the regions of the multiple Lys and Glu residues, prevented further assignments. 

We thus produced two selectively labeled samples, EL-HDAg1-60 and GRK-HDAg1-60, which 

2D hNH spectra are shown in cyan and orange in Fig. 3c respectively. The sequential 

assignment of the labeled amino acids was supported by peaks in the hCONH (Fig. 3d) and 

hCAcoNH (Fig. S6) spectra, showing exclusively pairs of labeled amino acids. In the hCONH 

we observed 5 out of 6 expected resonance pairs for EL-HDAg1-60, and 6 out of 9 for GRK-

HDAg1-60 (Fig. 3d). 4 out of 6 and 5 out of 9 pairs could be detected in the 3D hCAcoNH, where 

the SNR suffers from the additional 13C-13C’ transfer (Fig S5). The selectively labeled samples 

allowed for the assignment of 11 additional amino acids. It should be noted that although 

scrambling is limited in WGE29, for EL-HDAg1-60 one weak Ala and two Asp signals were 

observed in the 2D hNH (Fig. 3c), and one weak Asp and one Gln signals in the 2D hCH spectra 

(Fig. S7). No scrambling was observed for GRK-HDAg1-60. 

Residues 1-13 were not detected in any of the spectra, suggesting that the very N-terminal 

region is dynamic. Residues 1-11 were not present in the previous X-ray study11. In addition to 

the undetected N-terminal residues, we could not detect K60, probably due to its proximity to 

the flexible tag. Strong overlap prevented assignment of K40-K43 and R32/R35. In total, we 

assigned the backbone resonances of 83% of the visible residues in HDAg1-60.  
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Figure 3. HDAg1-60 backbone resonance assignment. a) 2D strips extracted from 3D hCANH (red), hCAcoNH 

(purple) and hCONH (blue) spectra of UL-HDAg1-60 for resonances W20-A22. Connections are obtained by 

matching the Cα frequencies. b) 2D strips extracted from 3D hNCAH (yellow) and hNcoCAH (light brown) spectra 

of UL-HDAg1-60 for resonances W20-A22. Connections are obtained by matching the N frequencies. c) Overlay of 

the 2D hNH spectrum of UL-HDAg1-60 (grey) with 2D hNH spectra of EL-HDAg1-60 (cyan) and GRK-HDAg1-60 

(orange) and d) with 3D- hCONH spectra of EL-HDAg1-60 (cyan) and GRK-HDAg1-60 (orange). All spectra are 

recorded at 100 kHz MAS and 1.2 GHz (except the 3D hCONH spectrum of EL-HDAg1-60 recorded at 850 MHz). 

The resonances marked in grey are not visible in the 3D hCONH spectra because their preceding amino acid is not 

[13C,15N]-labeled. 

 

Side chain resonance assignment of HDAg1-60  

We first recorded a 2D hCH spectrum for which extracts are given in Fig. 4a (full spectrum in 

Fig. S7). The Hα-Cα region shows the expected chemical shift dispersion, and the median total 

H linewidth tot(H) is 0.17 ppm, based on a selection of 14 isolated peaks. This corresponds 

to 200 Hz on a 1.2 GHz magnet, (Table S3), which is higher than for the amide protons (146 
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Hz). This is consistent with the shorter T2’(Hali) of 2.1 ms we measured for the aliphatic protons 

compared to T2’(HN) = 2.5 ms for the amide protons (Table S2), revealing the stronger dipolar 

coupling network and smaller chemical shift difference they experience with neighboring 

proton spins27. 

Starting from the C/H resonances, we assigned the 13C and 1H side chain resonances by 

using a 3D hCCH TOBSY spectrum30 recorded on the UL and GRK labeled samples (Fig. 4b). 

Correlations for residue K36 are shown as an example in Fig. 4b on the GRK-HDAg1-60 hCCH. 

Despite the small size of the protein, the modest dispersion due to the fully -helical structure 

and the multiple Leu, Lys and Arg residues resulted in some spectral overlap, as seen in the 2D 

hCH extracts in Fig. 4c,d (full spectra in Fig. S7). Nevertheless, the two protons of many CH2 

groups showed resolved peaks (Fig. 4e).   

In total we assigned 38% of the proton and 36% of the non-proton side-chain resonances for 

the visible residues of HDAg1-60. The assignment of 63% of the C resonances, but only 33% 

of the C resonances (see Table S4 for details) reflects the poorer dispersion of the resonances 

from spins further away from the backbone.  
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Figure 4. HDAg1-60 side-chain resonance assignment. a) H-C (left) and side-chain (right) regions of the 2D 

hCH spectrum of UL-HDAg1-60 (grey) recorded at 100 kHz MAS and 1.2 GHz. b) CC strips of the hCCH-TOCSY 

spectra of GRK-HDAg1-60 for residue K36. The 1H chemical shifts of the resonances are indicated in italic. c) Extract 

of the H-C region of the 2D hCH spectra of UL-HDAg1-60 (grey), EL-HDAg1-60 (cyan) and GRK-HDAg1-60 

(orange). d) Extract of the side chain region of the 2D hCH spectra of UL-HDAg1-60 (grey) and GRK-HDAg1-60 

(orange). e) Extract of the side chain region of the 2D hCH spectra of UL-HDAg1-60 (grey) and EL-HDAg1-60 (cyan). 

 

Summary of resonance assignments and derivation of secondary chemical shifts 

This de novo 1H-MAS NMR assignment of a fully protonated protein was done without prior 

knowledge of solid- or solution-state NMR chemical shifts. We provide here a brief overview 

of the spectrometer time required and the resulting completeness. Spectra for the UL-HDAg1-

60 backbone assignments were acquired in 11 days, and for the selectively labeled samples in 
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12 days. Experiments for side chain assignments took 5 days. We obtained at least partial 

assignments for 91% of the residues. We achieved a backbone (HN, N, H, C and C’) 

assignment completeness of 83% for residues visible in HDAg1-60 (14-60), and a side chain 

assignment completeness of 37% (Table S4). Higher completeness could be achieved by using 

additional selective labeling schemes or a combinatorial approach31. As sample preparation is 

fast, the NMR measurement time remains the limiting step. Further development of dedicated 

solid-state NMR combinatorial labeling approaches31–34 will be a future asset.  

Obtained assignments immediately identify secondary structure elements via secondary 

chemical shifts (Cα-Cβ)35. We calculated them and compared them to the previously 

determined HDAg12-60 X-Ray structure11 (Fig. 5a). This validates the assignments and confirms 

the presence in the structure (Fig. 5b, PDB 1a9211) of two helices interrupted by a sharp bend 

at residue N48. Even if we do not report any distance constraints, the fact that the resonances 

of 51L, which is sandwiched in the X-ray structure11 between two Trp residues (W20/W50) 

from different monomers (Fig. S8), are strongly shielded indicates that the presence of the 

corresponding structural element in the NMR sample is highly likely. This demonstrates how 

chemical shifts can in certain cases also verify the higher-dimensional arrangement of 

molecular structures. 

 

 
Figure 5. Secondary structure prediction from chemical shifts. a) Secondary chemical shifts36 of UL-

HDAg1-60  as a function of residue number. Light blue bars indicate secondary chemical shifts for which 

only the C chemical shift was considered because the residue is a glycine or because the C could not 

be assigned. Orange bars indicate negative values. Grey circles represent unassigned residues. Secondary 

structure elements observed in the X-ray structure (PDB 1a92)11 are shown in dark blue at the top. b) 

The NMR-derived secondary structure is mapped in blue on the X-ray structure (PDB 1a92)11, with 

residues E47 and N48 shown in orange. Unassigned residues are shown in light grey. 
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The assembly domain is conserved in the full-length protein 

The similarity of the S-HDAg to the HDAg1-60 spectra (Fig. 2c) allowed us to transfer most of 

the assignments (Fig. S9). We measured the chemical shift differences between HDAg1-60 and 

S-HDAg for the isolated resonances in the 2D hNH spectra, shown in Fig. 6a for HN and N 

respectively. While they remain generally small, significant differences are observed for some 

residues (in red in Fig. 6a), which are mainly localized at the interdimer interface around 

residues 15-28 as shown in Fig. 6b on the octamer structure11. We have observed that the 

presence of the Strep tag at the HDAg1-60 C-terminus also affects some of these residues (Fig. 

S10), albeit resulting in different chemical shifts. This makes it likely that the residues attached 

to HDAg1-60, whether from the tag or from S-HDAg, have some interaction with the residues 

beyond 60. No differences are observed in the middle of the coiled coil domain.  

 

 

Figure 6. Chemical shift differences observed between S-HDAg and HDAg1-60. a) Differences in amide proton 

chemical shift (ΔHN) and in nitrogen chemical shift (ΔN) observed between S-HDAg and HDAg1-60 for 23 isolated 

resonances in the 2D hNH spectra (Fig 2c). The unassigned/unresolved residues are shown as grey circles. The 

threshold value is shown as a dotted line and corresponds to one standard deviation above the mean chemical shift 

difference  b) Residues with significant ΔHN or ΔN (red bars in panel a) are colored on the octameric structure 

and represented as spheres (PDB 1a92)11. The monomers are shown in different colors.  

  

 

Discussion and conclusion 

We here studied the conformation of S-HDAg, for which no structural information was 

previously available. We have successfully used CFPS to produce the protein for NMR 



 13 

structural studies, despite its tendency to form insoluble aggregates. We have shown that the 

structure of the HDAg1-60 assembly domain is largely conserved within the full-length S-HDAg 

protein and that residues 14-60 represent the only rigid part of the protein. NMR spectra of S-

HDAg show that the S-HDAgΔ60 domain, which is soluble in isolation16, remains flexible within 

the full-length protein. Our data also suggest that the dimeric form identified for HDAg12-60 is 

likely present in the NMR sample.  

Our study demonstrates the feasibility to directly investigate the aggregated forms of proteins 

present in the pellet fraction of the CFPS reaction after centrifugation. While we have reported 

a similar observation for the regular capsid assemblies formed by the HBV core protein37, the 

HDAg aggregates do not form any regular structures observable under the microscope. 

However, the resolution of the NMR signals is similar, indicating that the proteins form 

homogeneous assemblies on shorter length scales. Impurities from the CFPS reaction mixture 

do not affect the quality of the spectra, but affect the signal/noise if present in excess. While 

the low signal-to-noise ratio (SNR) observed for S-HDAg made sequential assignments 

difficult, the similarity of the chemical shifts showed that HDAg1-60 can be used as a proxy for 

the full-length protein for assignments. The only small differences observed between the 

isolated domain and the domain in the context of the full-length protein confirmed the validity 

of the divide-and-conquer approach. These differences localized to the interdimer interaction 

sites, suggesting that the superstructural assembly may be slightly modified by the presence of 

the C-terminal portion of the protein.  

The use of the highest available magnetic field, combined with fast MAS and selective labeling, 

provided sufficient resolution of this fully labeled protein, especially for the side chains, 

allowing the assignment of substantial portions of this small, but poorly dispersed, exclusively 

α-helical protein. These assignments are among the first ones obtained without prior chemical 

shift knowledge, solely using 1H-MAS NMR on a fully protonated protein. They thus 

demonstrate the potential of this approach for studies where small amounts of protein are 

available, and the use of larger NMR rotors is not an option. Our work highlights that 

deuteration is not necessary to obtain backbone assignments, which also avoids chemical shift 

corrections38 when performing side-chain assignments on protonated samples.  
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Our work represents an important step toward the residue-specific characterization of the HDV 

ribonucleoprotein complex. While we have demonstrated that the C-terminal domain of S-

HDAg binds to in vitro synthesized viral RNA (Yang et al. submitted), the RNA binding 

properties of the assembly domain remain undescribed. The current understanding, namely that 

the assembly domain may form a nucleosome-like particle in which the double-stranded RNA 

wraps around multiple octameric assemblies17,39–41, lacks an experimental basis today. The 

current work paves the way for further investigations of the RNP. 

 

 

Materials and Methods  

  

Plasmids 

The cDNA encoding the full-length S-HDAg (HDV genotype 1 Central African AJ000558.1, 

Fig. S1a), and HDAg1-60 (Fig. S1b) were cloned into the pEU-E01-MCS vector (CellFree 

Sciences, Japan). The resulting plasmids were amplified into Escherichia coli TOP10 

competent cells (Life Technologies). DNA extraction was performed using the NucleoBond 

Xtra Maxi kit (Macherey-Nagel, France). Plasmids were further purified by phenol/chloroform 

extraction according to the recommendations of CellFree Sciences (Yokohama, Japan). 

 

Wheat germ cell-free protein synthesis of S-HDAg and HDAg1-60  

The proteins were synthesized using WG-CFPS following protocols outlined in Takai et al.18 

and Fogeron et al.42. Home-made WG extract was prepared using non-treated durum wheat 

seeds (Florimond-Desprez, France) as described in18,42. Cell-free protein synthesis was 

performed using uncoupled transcription and translation. Transcription was performed using 

100 ng/μl plasmid, 2.5 mM NTP mix (Promega, France), 1U/μl RNase inhibitor (CellFree 

Sciences, Japan) and 1U/μl SP6 RNA polymerase (CellFree Sciences, Japan) in the 

transcription buffer containing 80 mM Hepes-KOH pH 7.6, 16 mM magnesium acetate, 10 mM 

DTT and 2 mM spermidine (CellFree Sciences, Japan) (listed in Table S5). The solution was 

incubated for 6 h at 37 °C, and the mRNA produced was used directly for translation. 

Translation was performed using either the bilayer method for the different HDAg1-60 samples 

(see below) or using the dialysis mode for the [2H,13C,15N]-labeled S-HDAg sample. For 

selectively labeled samples, [13C,15N] Gly, Arg and Lys or Glu and Leu amino acids 

(Cambridge Isotope Laboratories) were used.  For uniformly [2H,13C,15N] and [13C,15N] labeled 
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samples, [2H,13C,15N] and [13C,15N] cell-free amino-acid mix (20 aa) (Cambridge Isotope 

Laboratories CDNLM-6784 and CNML-6696), were used respectively. 

HDAg1-60 translation was carried out in the bilayer mode in 6-well plates. The bottom layer 

corresponding to the translation mixture contained per well ½ volume of mRNA, ½ volume of 

WGE, 40 ng/ml creatine kinase and 6 mM of amino acid mix and 0.1% MNG-3 detergent. The 

upper layer, corresponding to the feeding buffer, contained SUB-AMIX NA (CellFree 

Sciences; 30 mM Hepes-KOH pH 7.6, 1.2 mM ATP, 0.25 mM GTP, 16 mM creatine phosphate, 

0.4 mM spermidine, 2.7 mM magnesium acetate and 100 mM potassium acetate, 4 mM 

dithiothreitol), supplemented with 6 mM amino acid mix and 0.1% MNG-3 detergent (listed in 

Table S6) The translation reaction was incubated for 20 h at 22 °C without agitation. 

Translation of S-HDAg was carried out in the dialysis mode in a 3-ml dialysis cassette with a 

MWCO of 10 kDa. The translation mixture inside the cassette contained ½ volume of feeding 

buffer, 1/3 volume of mRNA, 1/6 volume of WGE, 40 ng/µL of creatine kinase, 6 mM of amino 

acid mix, and 0.05% Brij-58. The feeding buffer in which the cassette was immersed contained 

SUB-AMIX NA (CellFree Sciences), supplemented with 6 mM of amino acid mix, and 0.05% 

Brij-58 (listed in Table S6). The translation reaction using this mode was run for 20 h, at 22°C 

and 70 rpm. It should be noted that the bilayer mode, while providing similar yields per ml of 

WGE used, requires addition of fewer amino-acids but results in lower protein concentrations 

due to mixing with the feeding buffer. The total cell-free samples (CFS) were treated with 

benzonase for 40 min at room temperature.  

 

NMR sample preparation 

After addition of  20 μl of saturated 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) solution, 

the total CFS of the [2H,13C,15N]-S-HDAg sample was directly sedimented into a 0.7 mm MAS 

NMR rotor by ultracentrifugation (14 h, 200,000g, 4°C) using home-made filling tools43.  

Four samples of HDAg1-60 were prepared, with different labeling schemes: (1) [2H,13C,15N]-

labeled (DUL-HDAg1-60), with labile protons being protonated; (2) [13C,15N]-labeled (UL-

HDAg1-60), (3) [13C,15N] Glu and Leu labeled, with other amino acids deuterated (EL-HDAg1-

60) and (4) [13C,15N]-Gly, Arg and Lys labeled, with other amino acids deuterated (GRK-

HDAg1-60). In addition, a UL-HDAg1-60 sample without strep tag was prepared. The total CFS 

HDAg1-60 was centrifuged at 4 °C, 200,000 g for 1 hour using a JA-20 fixed angle rotor 

(Beckman Coulter) to obtain a pellet. To remove higher molecular weight impurities, the 

sediment was resuspended in 0.1 % DDM for 1h, followed by centrifugation for 30 min at 4 

°C, 200,000 g. The pellet was resuspended in 400 μl of wash buffer (100 mM Tris-Cl, 150 mM 

NaCl, 1 mM EDTA, pH 8) 1x and 20 μl of saturated DSS solution was added to the protein for 
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chemical shift referencing prior to the sedimentation into a 0.7 mm MAS NMR rotor by 

centrifugation (14 h, 200,000g, 4°C) using home-made filling tools43.  

 

NMR spectroscopy 

The solid-state NMR experiments were recorded at static magnetic field strengths of 20.0 and 

28.2 T (wide-bore 850 MHz Bruker Avance III and standard-bore 1.2 GHz Bruker Avance 

NEO spectrometers, respectively). All experiments were recorded at a MAS frequency of 100 

kHz in a 0.7 mm triple-resonance probe head (Bruker Biospin). Sample temperatures between 

20 and 25°C were estimated from the relationship T(°C) = 455 - 90*H2O, where H2O denotes 

the chemical shift of the supernatant water signal43. 2D hNH spectra were recorded on all 

samples while 2D hCH spectra were recorded on UL-HDAg1-60, EL-HDAg1-60 and GRK-

HDAg1-60 samples. 3D hCANH, hNCAH, hCONH, hNcoCAH (with reverse MIRROR 

transfer44, Fig. S11) and hCAcoNH were recorded on the UL-HDAg1-60 sample for backbone 

proton and heteronuclei assignments. 3D hCCH-TOBSY experiments28 were recorded on the 

UL-HDAg1-60 and GRK-HDAg1-60 samples for side chain proton and carbon assignments. To 

complete the assignment, 3D hCONH, hCAcoNH, were recorded on the EL-HDAg1-60 and 

GRK-HDAg1-60 samples. 

Bulk proton longitudinal relaxation times T1(
1H) were determined using a saturation recovery 

sequence with 16 variable delays up to 8 s. Bulk proton transverse relaxation times T2’(
1H) 

were determined using a Hahn-echo sequence with 14 and 12 variable echo delays up to 3.5 

and 5 ms at 850 and 1.2 GHz respectively. Further details of the acquisition parameters are 

given in the Supplementary Tables S7-11.  

All spectroscopic data were processed using Topspin 4.0.8 (Bruker Biospin) with zero filling 

to the double amount of data points and a shifted sine-bell apodization function in the direct 

and indirect dimensions with SSB= 2.5. Acquisition in the direct dimension was cut to 12.9 ms. 

The spectra were analyzed using CcpNmr Analysis 2.545,46. 

 

Relaxation analysis 

Bulk relaxation times were extracted from a series of 1D hcH and hnH experiments using the 

relaxation analysis tool in Topspin 4.0.8 (Bruker Biospin). Bulk homogeneous line widths 

∆homo( 𝐻  
1 ) have been determined using the relationship  ∆homo( 𝐻  

1 ) = 1 𝜋⁄ 𝑇2
′  . The site-

specific total linewidths were extracted from the CP-based 2D hCH and 2D hNH spectra using 

the Gaussian function in CcpNmr Analysis 2.545,46. 

 

Data Analysis 
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The chemical shift differences between DUL-S-HDAg and DUL-HDAg1-60 were calculated for 

isolated resonances in the 2D hNH spectra for the HN and N nuclei, respectively, using the 

following equations: ∆𝛿HN = |∆𝛿HN[S] − ∆𝛿HN[S 1-60]| and ∆𝛿N = |∆𝛿N[S] − ∆𝛿N[S 1-60]|. The same 

equations were used to calculate the chemical shift differences between UL-HDAg1-60 and UL-

HDAg1-60 without tag. Threshold values were set at one standard deviation (𝜎) above the mean 

chemical shift difference. 

Secondary structure elements were predicted from the secondary chemical shifts using the 

following equation: ∆𝛿𝐶𝛼 − ∆𝛿𝐶𝛽 =  (𝛿𝐶𝛼 − 𝛿𝐶𝛼 𝑟𝑐) − (𝛿𝐶𝛽 − 𝛿𝐶𝛽 𝑟𝑐) as described in Wang 

et al.35 and where rc represents random coil47. 

 

Assignment deposition 

1H, 13C and 15N backbone and side chain chemical shifts of UL-HDAg1-60 have been deposited 

in the Biological Magnetic Resonance Data Bank (BMRB) (http://www.bmrb.wisc.edu) under 

accession number 52512.  
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