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Introduction

Hepatitis C virus (HCV) infection is a major cause of chronic hepatitis, with approximately 70 million infected individuals worldwide, which frequently further develops into liver cirrhosis and hepatocellular carcinoma. [1] HCV is an enveloped virus of the Flaviviridae family with a singlestranded RNA genome. The open reading frame is translated into a single polyprotein which is further processed into ten individual membrane-bound proteins (reviewed in [2-4]).

Structural proteins encoded in the N-terminal part of the HCV polyprotein serve as building blocks of viral particles, whereas nonstructural proteins in the C-terminal part contribute to the formation of membrane-bound replication organelles and viral genome amplification (reviewed in [5-10]). NS5A is a RNA-binding protein exerting multiple functions in the viral life cycle. [11,12] It is involved in viral genome replication, the assembly of infectious virus particles and the counteraction of cellular antiviral defense. Viral replication complexes contain nonstructural proteins (NS) 3/ 4A, 4B, 5A and 5B, and consist of double-membrane vesicles (DMV) that are derived from the ER membrane, a process orchestrated mainly by NS5A, and more precisely AHD1. [13,14] NS5A is a 447 amino acids long monotopic membrane phosphoprotein lacking enzymatic activity and exerting its multiple functions by acting as central interaction hub with viral and cellular proteins. [15,16] For a long time NS5A was considered as non-druggable, but high-content screens with cell-based HCV systems identified direct-acting antivirals (DAAs) targeting NS5A and blocking virus replication and assembly with exceptionally high potency. [17] For that reason, NS5A inhibitors became a cornerstone of antiviral therapy, allowing virus elimination in more than 95 % of treated individuals. While the exact mode-of-action of NS5A inhibitors remains largely unknown, it is assumed that membrane association of NS5A [18] is required for its interaction with members of this drug class such as Daclatasvir. [19] Binding of Daclatasvir for example also forms, besides evidence from structural biology, [20][21][22] biochemistry [23,24] and reverse genetics, [25] one of the strongest arguments in favor of a dimeric state of NS5A in cells. Indeed, its palindromic topology strongly supports binding across the dimer interface of the NS5A protein. [17] Notably, the majority of resistance mutations cluster in the membrane-proximal region, often in the linker connecting the N-terminal amphipathic a-helix (AH) with domain 1(D1). [17,26,27] However, the precise modeof-action is unknown because of the lack of structural information of NS5A in association with membranes.

The 3D structure of full length NS5A has not been solved because every (sub)domain requires a distinct structural approach. Therefore, only structures of individual domains are known. First, the helical structure of the AH, representing the membrane anchor, was determined in detergent micelles by solution-state NMR. [28] Second, X-ray crystallography revealed for D1 several structures with a similar monomer, but different dimer interfaces. [21,29,30] Finally, D2 and D3 were determined to form, in isolation [31,32] and together with D1, [33] ensemble (un)structures, characterizing them as being intrinsically disordered according to solution-state NMR. [31,32,34] The signals of D2/D3 and D1D2D3 mostly overlay, which indicates that there is only limited interactions between the domains 2/3 and D1. [33] Despite the central role membrane lipids play in NS5A function, they were absent in all these structural studies. Notably, the orientation of the protein with respect to the lipids remained obscure. So far, structural studies in presence of the membrane anchor and lipids have been prevented by the fact that both sample preparation and structural analyses are particularly demanding for NS5A. This is indeed often the case for integral membrane proteins, but also for peripheral membrane proteins anchored to the membrane through an independently interacting domain. As a consequence, the position of membrane-anchored proteins with respect to the lipid bilayer could in some cases be approximated for instance using solution NMR and micelles, [35][36][37] but is still mainly predicted using computational methods that account for the hydrophobic, hydrogen bonding and electrostatic interactions with the anisotropic water-lipid environment. [29,38] Only recently solid-state NMR, one of the most adequate methods to study membrane-bound proteins, [39][40][41][42][43][44] increased its mass sensitivity by a spectacular factor of > 100 through the more sensitive proton-detection possible under fast magic-angle spinning (MAS) NMR. [45][46][47][48][49] This technical advance makes the method now compatible with the analysis of an important class of proteins, which are eukaryotic membrane proteins from viruses [50,51] and humans. [52,53] As they can often only be produced in relatively small quantities (e.g. < 1 mg), these new approaches are central for their structural investigation. In this context, the measurement of paramagnetic relaxation enhancements which allow to probe intermolecular distances, [54][55][56][57][58][59][60] surface accessibility, and ligand binding, [61][62][63][64][65][66] and the orientation of a protein with respect to the lipid layer [67][68][69][70][71][72] opens now also to this type of proteins.

We here show that sub-milligram amounts of NS5A AHlinker-D1 (which for simplicity in the following we will refer to as NS5A-AHD1) can be produced, directly in detergentsolubilized form, using eukaryotic wheat-germ cell-free protein synthesis in presence of mild detergents, and that it can be reconstituted for structural studies in a phospholipid environment. Using these samples, we could record highquality proton-detected NMR spectra of NS5A-AHD1 allowing for de novo sequential assignments and thus for structural and dynamic analysis with single amino-acidresidue resolution. Based on this, we find that the AH domain exhibits dynamics very different from the D1 domain and determine the orientation of D1 relative to the membrane plane using NMR paramagnetic relaxation enhancements. Our results suggest that D1 monomers undergo a so far unreported type of self-interaction upon membrane association.

Results

Cell-free-synthesized and lipid-reconstituted NS5A-AHD1 yields high-quality NMR spectra

We prepared the NS5A-AHD1 protein, comprising the membrane-anchoring AH, a linker region and the globular D1 domain (HCV strain JFH1), using wheat-germ cell-free protein synthesis (WG-CFPS). This produced NS5A-AHD1 in a solubilized form through direct addition of mild detergents to the reaction, at protein yields compatible with structural studies. The sample preparation process is summarized in Figures 1 andS1.

In order to compensate for the small sample amount, we systematically used detection of the sensitive 1 H spins at around 100 kHz MAS. [47][48][49]74] We first recorded a fingerprint hNH spectrum of NS5A-AHD1 (Figure 2 a), which revealed narrow proton lines (100 AE 20 Hz (full width at half maximum) at 100 kHz MAS and 850 MHz proton frequency) and showed good spectral dispersion. To further explore the proteins fingerprint, we recorded a 3D hCANH spectrum of which the different planes are overlaid with the hNH 2D (Figure 2 b). One can see that most signals are observed in both spectra, thus showing sufficient signal-to-noise ratio (SNR). 131 resonances out of the 204 expected ones (one per residue, except prolines) are detected. Thus, while the majority of amino acids are seen with a good SNR of 3-10 in these spectra using dipolar couplings for polarization transfers, a non-negligible part of the protein shows disorder or dynamic behavior on the ms-ms time scale, which explains the absence of the remaining resonances.

To summarize, we produced a NS5A-AHD1 NMR sample harnessing synthetic biology approaches, which resulted in high-quality spectra of the membrane-bound protein allowing sequential assignments (vide infra). While parts of the protein are not visible due to dynamics, no signs for aggregation are observed.

Resonance assignments by combining 3D spectroscopy and selective labeling

We recorded 3D spectra for sequential assignment and Figure 2 c-f shows the 2D HN planes of the 3D NS5A-AHD1 hCONH, hncaCBcaNH, hCAcoNH, and hCOcaNH [46,48,75,76] spectra, overlaid onto the 2D hNH spectrum (experimental parameters are given in Tables S1 andS2). In the hCONH (Figure 2 c), nearly as many peaks as in the hCANH are present, indicating that inter-residue connections can be obtained for most signals. Additional inter-residue information can be obtained from the hCAcoNH, hCOcaNH and hncaCBcaNH 3D spectra, which show however a smaller number of resonances. [75] The identification of starting and anchor points is key in the de novo sequential assignment process, and amino-acid selective labeling, as can be obtained from cell-free synthesis, [77][78][79][80][81] was in this context central for success. We prepared three different selectively labelled samples (Figure S2, Table S3 and Table S4) on which both 3D hCANH and hCONH experiments were recorded (Figure 3). The hCONH should show only signals for labelled pairs, and indeed for the ten G/T/Y pairs in the sequence, nine signals are observed in the hCONH spectrum (Figure 3 g), meaning that only one signal remained unobserved.

Using all spectra, we could assign, in a sequential manner, 87 residues (for representative strip plots and connectivities see Figures S3a,b). We also verified assignments using FLYA [82] (Figure S4). Resulting assignments are indicated in Figures S5 and4a, and are deposited at the BMRB (50380). As seen in Figure 4 a, only few strong peaks remain unassigned, and completeness is 66 %. Unassigned residues concentrate in the N-and C-terminal parts, as well as in three loop regions (Figure 4 c).

We calculated secondary chemical shifts [83] (dDCa-dDCb) (after correcting for 2 H isotope shift [84] ) and predicted secondary structure with TALOS + . [85] The bstrands from secondary chemical shifts and those predicted by TALOS + [85] (Figure 4 b, grey) are very similar to those observed in the X-ray structure 1zh1 [29] of the isolated NS5A D1 domain (Figure 4 b).

The NMR resonance assignments obtained are fully de novo, meaning that no previous knowledge was available from solution or 13 C-detected chemical shifts, which has to our knowledge not been achieved before for a membranebound protein using such small quantities. A highly homogenous sample, versatile se- 1) was mixed with wheat-germ extract (WGE), labelled amino acids (AA) and detergent for protein synthesis using a bilayer reaction (2). AHD1 protein was purified on a Strep-Tactin column in one step using the Strep-tag (3). NS5A-AHD1 was reconstituted by cyclodextrin (mbCD)-mediated removal of detergent molecules (4). [51,73] NS5A-AHD1 proteoliposomes were sedimented into a 0.7 mm rotor (5) for NMR spectra acquisition (6) followed by protein backbone assignment (7).

lective labeling through cell-free protein synthesis, high magnetic fields, and most importantly proton-detected fast MAS were enabling here.

The membrane anchor is either flexible or disordered

Interestingly, no assignments could be obtained for the N-terminal 40 residues, including the Nterminal amphipathic AH, as well as for the C-terminal 39 residues (including the 11 amino-acid tag). Furthermore, the three longer loops are largely missing in the spectra.

We therefore designed selective-labeling scheme 2 (SL2, Tables S3, S4) to clarify whether resonances of AH could not be assigned due to overlap, or because they are simply absent from the spectra. In the hCONH spec- [85] secondary structure plotted above the sequence in green, and from the X-ray structure [29] (PDB 1zh1) of NS5A D1 in white. The N-terminal helix [28] (PDB 1r7E) is colored in white. Grey boxes the indicate the length of protein constructs used. Grey bars show glycine residues. c) Residues sequentially assigned are colored in green, residues without assignment are mapped in grey on the monomer of a homology model based on the x-ray structure (PDB 1zh1 [29] ).

backfolded tryptophan side chains. This shows that the AH domain is indeed not visible in the spectra at the given signal to noise. This suggests AH internal dynamics which compromise the polarization transfer or lead to line broadening beyond detection. Alternatively, it could be significantly statically disordered; this is however unlikely, since no featureless broad peaks are observed.

We thus used the SL2 sample to further investigate whether the dynamic behavior of the AH domain is impacted by the lipid environment, and tested different lipid compositions, lipid-to-protein ratios, as well as temperatures above and below the lipid phase transition, using a 2D hcoNH spectrum as read out. Figure 5 a shows the hNH (blue), all planes of 3D hCONH (red), and 2D hcoNH (black) spectra recorded under standard conditions. Panels Figure 5 b-f show for reference the hNH from Figure 5 a, peaks from 3D hCONH as red crosses, and in black 2D hcoNH spectra recorded under the different conditions detailed in the panels. One can see that, apart from some variations in intensity (Figure S6, Table S5), spectra appeared very similar, and no additional strong peaks belonging to the AH domain can be seen. Still, some weak signals already present at higher temperatures in the 2D hcoNH grow slightly more intense at lower temperatures (highlighted by red arrows in Figure 5), which could hint at a slowdown of molecular motions. It is however unlikely that the dynamics of the AH domain can become sufficiently slow in the studied temperature range, nor do the data support that the domain is aggregated due to a lack of lipids in the LPR 0. We thus conclude that the AH domain, as well as several loops, remain flexible in the lipid-bound NS5A-AHD1 protein. Dynamic behavior on the ms-ms time scale is a common observation in multidomain proteins, and NS5A-AHD1 is no exception here. This behavior is often at the origin of poor crystal growth in X-ray studies, and also of signal loss in cryo-EM due to frozen-in disorder at cryogenic temperatures. Attempts to slow down the motion sufficiently to observe sizeable NMR signals failed. Lower temperatures were not investigated, since below the freezing point, spectral resolution is degraded in NMR spectra. Direct observation of the detailed conformation thus remains hidden; but in contrast to other techniques, NMR can indirectly investigate the orientation of the D1 part of the protein with respect to the lipid-bound anchor through paramagnetic relaxation enhancements. The results from this type of experiments for NS5A-AHD1 will be described below.

PREs reveal the interaction interface of NS5A-AHD1 with lipids

To determine the orientation of the D1 domain with respect to the lipid membrane, we measured the protein paramagnetic relaxation enhancement (PRE) [80,81] as induced by Gd 3+ paramagnetic centers [61,86] located within molecular cages chelated to the lipid headgroups (Gd 3+ -DPPE [69][70][71] ). PREs thus strongest affect membrane-proximal regions of the protein. We added Gd 3+ -DPPE (and diamagnetic Lu 3+ -DPPE as reference) at a ratio of 1:20 to the lipid mixture during reconstitution, and measured relative peak intensities of NS5A-AHD1 in 2D hNH (Figure 6 a), as well as 3D hCANH spectra (Figure 6 b) in the presence of Gd 3+ or Lu 3+ , respectively (Figure 6 a). We then measured peak attenua- S6. The PREs of signals that vanished in the Gd 3+ spectra were estimated to be equal or smaller than the ratio of noise in the Gd 3+ spectra to the signal intensity in the Lu 3+ spectra. These PREs can be recognized by the asymmetric error bars highlighting them as being the lower limit of attenuation. Values were normalized relative to residue S186. Attenuations are color coded according to 1-0.6 (blue); 0.6-0.4 grey; and 0.4-0 red. d) PREs color coded on the homology models produced by Swiss-Model [87] based on X-ray structure of D1 (one monomer) of 1zh1 [29] as a monomer and 1r7e [28] of the HA. The amphipathic helix is color coded according to hydrophobicity using ChimeraX, [88] and shown with its lipophilic part pointing towards the lipid membrane (yellow rectangle). The blue-grey-red qualification shows increasing PRE. The chain between the monomer and AH represents the linker. The main site for NS5A DAA resistance mutations, Y93, is shown in yellow. e) to h) represent dimers from the homology models based on the indicated crystal structures (1zh1, [29] 3fqm, [21] 4cl1 [30] ). None of them yields a consistent pattern of the PRE towards a fictitious lipid membrane. i, j) Sketches of two possible dimer models compatible with the PRE data. The monomers were positioned (by hand) such that Daclatasvir (in green) can contact in a symmetric manner both Y93 (yellow) side chains. All images of the molecular structures have been produced by ChimeraX. [88] tions in both 2D and 3D spectra, and used, where resolved, information from the 2D because of the better SNR. Peaks overlapped in 2D were measured in the 3D hCANH spectra. Figure 6 c (and Table S6) report the resulting attenuations, with three classes (more than 0.4; 0.4-0.6; less than 0.6) color coded. Figure 6 d shows the measured attenuations color coded on a NS5A-AHD1 homology model (PDB 1zh1 (D1) [29] and 1r7e (AH) [28] ). One can see that the different classes clearly separate into distinct regions on the 3D structure (in the orientation shown strong attenuation at the bottom, and weak attenuations on the top). This allows to establish the orientation of the D1 monomer relative to the AH, which is in interaction with the lipids containing the paramagnetic tags. The larger the PRE, the closer the residues are to the lipids, as shown in Figure 6 d, where the amphipathic helix anchor, as well as its localization with respect to the membrane, are sketched. Y93, the main site for NS5A DAA resistance mutations, is highlighted in yellow and points towards the lipid plane in this model.

The three crystal structures of D1 available [21,29,30] show very similar monomer structures but quite different dimer arrangements, as shown in panels e-h in Figure 6. From the PREs reported on these structures, one can deduce that none of the reported dimers yields a PRE pattern that would be consistent with the membrane associated D1 dimer. This leads us to suspect that the dimer structures in the X-ray crystal structures are in all cases determined by the crystal packing, and are at variance to the D1 structure of NS5A associated with a membrane. Instead, our data would be compatible for example, with a flat dimer arrangement comprising a twofold symmetry around the vertical axis (see Discussion).

Discussion

Solid-state NMR has recently emerged as a versatile approach to investigate membrane-associated proteins, and we show herein that it can be used to successfully study membrane-bound NS5A-AHD1, which has escaped structural characterization so far. Our NMR analysis is based on a de novo sequential assignment of NS5A-AHD1, made possible by protein samples synthesized using a cell-free approach, and fast MAS 1 H-detected solid-state NMR experiments. Sequential assignments were obtained, without any prior knowledge from solution or solid-state NMR chemical shifts. Aminoacid-selective labeling, facilitated in cell-free synthesis, was important in this context.

Several parts of NS5A-AHD1 are not observed in any of the NMR spectra recorded here. Missing signals from several residues are common in protein spectra, also for protondetected ones as in the recent example of Rpo4/7. [89,90] Prominently, resonances from the AH segment remained unobserved, indicating that it shows dynamic behavior. This feature may be related to the multi-functional roles of the membrane-associated NS5A, which forms complexes with several host proteins of relevance in various steps of the viral replication cycle. [18,19,91,92] The PRE measurements allowed us to discriminate between different possible orientations of the protein with respect to the lipid plane. While intermolecular distance restraints would be highly precious to support these data, their measurement would need dissociation of the dimers, and reassembly thereof from differentially labelled NS5A monomers into mixed labeled dimers. [93,94] No conditions providing native reassembly of NS5A dimers have been described, and their development is arduous with the small sample amounts produced from cell-free synthesis. Also, reassembly could impact the dimer structure produced directly on exit from the ribosome, and thus probably close-to-native. The monomer, as extracted from the crystal structure [29] can clearly be positioned with respect to the lipid membrane, and this results in positioning Y93 towards the membrane interface (Figure 6 d). However, none of the dimers from the different crystal structures can explain the orientation we observed here. Thus, a NS5A dimer [21,29,30] must form differently in the presence of a lipid bilayer than in crystals. In order to establish a model of the membrane-associated NS5A-AHD1 dimer, we took several considerations into account. First, as the spectra do not show multiple resonances for a single atom, the dimer must be symmetric. Second, because of that and based on the PREs, the second monomer in the dimer must be in the same plane and oriented towards the membrane with the same interface. Third, Daclatasvir binding should be possible in a symmetric manner to both monomers across the NS5A dimer interface. [17,19,24] Forth, inhibitor binding should occur in proximity to the class-defining resistance mutation, amino-acid residue Y93, of both monomers. Two models compatible with these restraints were established, and are sketched in Figures 6 i,j. Of note, the observation that several NS5A DAA resistance mutations reside in the linker region, [27] favors model 1 over 2 for D1 dimerization, as it positions the drug in closer proximity to the linkers (indicated by the black arrows). These observations suggest a mode of action where the NS5A inhibitor localizes at the interface between D1 and lipids, in a position where it has the potential to interfere with, or disrupt, NS5A membrane interactions.

Conclusion

We have analyzed an NMR sample of the membraneanchored NS5A-AHD1, and found exceptional spectral resolution with a sample amount of only 200 mg of protein which allowed us to assign the NMR spectrum to 66 %. The data revealed that D1 is rigid and well-ordered, while the amphipathic AH is dynamic, and remains unobserved. Inference from PRE effects allowed us to deduce the orientation of D1 with respect to the membrane lipids layer. At variance to D1 dimer structures in crystals, in the presence of lipids D1 most likely forms a flat dimer creating a membrane proximal surface that includes the predominant site of NS5A DAA resistance mutations. These results do not only provide models for the mode-of-action of HCV direct-acting antivirals, but also demonstrate the power of recently developed highly sensitive proton-detection solid-state NMR techniques suitable to analyze structures of eukaryotic membrane bound proteins often available only in small quantities.

Methods

Methods are described in detail in the SI Appendix, including plasmids used, cell-free synthesis and lipid reconstitution of NS5A-AHD1 proteoliposomes, and solid-state NMR experiments with parameter tables.

Figure 2 .

 2 Figure 2. 2D and all planes from 3D spectra of uniformly 2 H/ 13 C/ 15 N labelled NS5A-AHD1. a) 2D hNH spectrum in light blue. b-f) Overlay of all signal-containing NH planes along the carbon dimension of hCANH, hCONH, hCAcoNH, hCOcaNH and hncaCBcaNH 3D spectra, on the 2D hNH of panel (a) as background.

Figure 1 .

 1 Figure 1. NMR sample preparation of NS5A-AHD1 protein. In vitro transcribed mRNA (1) was mixed with wheat-germ extract (WGE), labelled amino acids (AA) and detergent for protein synthesis using a bilayer reaction (2). AHD1 protein was purified on a Strep-Tactin column in one step using the Strep-tag (3). NS5A-AHD1 was reconstituted by cyclodextrin (mbCD)-mediated removal of detergent molecules (4).[51,73] NS5A-AHD1 proteoliposomes were sedimented into a 0.7 mm rotor (5) for NMR spectra acquisition (6) followed by protein backbone assignment(7).

  trum of this sample, 21 resonances for pairs were expected (Figure S2), with 8 in AH, 10 in D1 and 3 in the C-terminal. However, only 12 resonances were visible, out of which 9 in D1, and 3 from

Figure 3 .

 3 Figure 3. 2D and 3D spectra of selectively labelled NS5A-AHD1 samples. a-c) Two-dimensional hNH spectra of selectively labelled samples in blue are overlaid on the hNH spectra of uniformly labelled sample in gray. d-i) Overlay of all signal-containing NH planes along the carbon dimension of hCANH (green) and hCONH (red) 3D spectra, on the 2D hNH spectra (blue).

Figure 4 .

 4 Figure 4. NS5A-AHD1 resonance assignments. a) Planes from three sections of the hCANH. b) NS5A-AHD1 secondary chemical shifts (dDCa-dDCb). Three negative values in a row are indicative for b strands. TALOS +[85] secondary structure plotted above the sequence in green, and from the X-ray structure[29] (PDB 1zh1) of NS5A D1 in white. The N-terminal helix[28] (PDB 1r7E) is colored in white. Grey boxes the indicate the length of protein constructs used. Grey bars show glycine residues. c) Residues sequentially assigned are colored in green, residues without assignment are mapped in grey on the monomer of a homology model based on the x-ray structure (PDB 1zh1[29] ).

  5 condition. No additional signals were observed when replacing the HN CP steps by INEPT transfers neither, as shown in Figure S7. This points to ms-ms dynamics of the AH domain, which stayed dynamic under all conditions investigated.

Figure 5 .

 5 Figure 5. Impact of lipid environment and temperature on NS5A-AHD1. SL2 NS5A-AHD1 protein was reconstituted into PC/Chol (a, b), DPPC (c) or DMPC (d-f) lipids at LPR 0.5 (a-e) or at LPR 2 (f). Spectra in PC/Chol are recorded above the lipid phase transition temperature (T m ) (T m = À6 8C), while those in DPPC are recorded below (T m = 41 8C). Spectra in DMPC are recorded around and below (T m = 24 8C). 2D hcoNH (black) and hNH spectra (blue) were acquired at 60 kHz in 0.7 mm rotors at conditions close to room temperature (a, d) or close to 0 8C (b, c, e, f). All planes from hCONH 3D spectra (red) of a standard SL2 sample were overlaid on the 2D hcoNH and hNH in (a) used as reference. Red arrows in (a), (b) and (c) point out newly detected resonances in the hcoNH.

Figure 6 .

 6 Figure 6. Membrane orientation of NS5A-AHD1. a) Overlaid 2D hNH spectra of the NS5A-AHD1 protein in the presence of Lu 3+ -DPPE (blue) or Gd 3+ -DPPE lipids (red) mixed with PC/Chol lipids. b) Overlaid 3D hCANH spectra of the NS5A-AHD1 protein in the presence of Lu 3+ -DPPE (light blue) or Gd 3+ -DPPE lipids (red) mixed with PC/Chol lipids. c) Ratios of peak heights in the presence of Gd 3+ -DPPE lipids (I (Gd 3+ )) or of Lu 3+ -DPPE lipids (I (Lu 3+ )) extracted from the 2D and 3D correlation spectra. Individual values are shown in TableS6. The PREs of signals that vanished in the Gd 3+ spectra were estimated to be equal or smaller than the ratio of noise in the Gd 3+ spectra to the signal intensity in the Lu 3+ spectra. These PREs can be recognized by the asymmetric error bars highlighting them as being the lower limit of attenuation. Values were normalized relative to residue S186. Attenuations are color coded according to 1-0.6 (blue); 0.6-0.4 grey; and 0.4-0 red. d) PREs color coded on the homology models produced by Swiss-Model[87] based on X-ray structure of D1 (one monomer) of 1zh1[29] as a monomer and 1r7e[28] of the HA. The amphipathic helix is color coded according to hydrophobicity using ChimeraX,[88] and shown with its lipophilic part pointing towards the lipid membrane (yellow rectangle). The blue-grey-red qualification shows increasing PRE. The chain between the monomer and AH represents the linker. The main site for NS5A DAA resistance mutations, Y93, is shown in yellow. e) to h) represent dimers from the homology models based on the indicated crystal structures (1zh1,[29] 3fqm,[21] 4cl1[30] ). None of them yields a consistent pattern of the PRE towards a fictitious lipid membrane. i, j) Sketches of two possible dimer models compatible with the PRE data. The monomers were positioned (by hand) such that Daclatasvir (in green) can contact in a symmetric manner both Y93 (yellow) side chains. All images of the molecular structures have been produced by ChimeraX.[88] 
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Cell-Free Synthesis The membrane orientation of the hepatitis C virus NS5A protein was assessed by combining a cell-free protein synthesis approach with highly sensitive 1 Hdetected solid-state NMR. Insertion of lipids chelated with a paramagnetic Gd 3+ ion allowed to orient the protein with respect to its membrane anchor using PRE. This information allowed to propose a model for the interaction of NS5A with a direct acting antiviral.