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Abstract: Structure determination of adjuvant-coupled antigens is essential for rational vaccine development but has so far been hampered by the relatively low antigen content in vaccine formulations and by their heterogeneous composition. Here we show that magicangle spinning (MAS) solid-state NMR can be used to assess the structure of the influenza virus hemagglutinin stalk long alpha helix antigen, both in its free, unformulated form and once chemically coupled to the surface of large virus-like particles (VLPs). The sensitivity boost provided by high-field dynamic nuclear polarization (DNP) and proton-detection at fast MAS rates allows to overcome the penalty associated to the antigen dilution. Comparison of the MAS NMR fingerprints between the free and VLP-coupled forms of the antigen provides structural evidence of the conservation of its native fold upon bio-conjugation. This work demonstrates that highsensitivity MAS NMR is ripe to play a major role in vaccine design, formulation studies and manufacturing process development.

Virus-like particles (VLPs) are empty, non-infectious shells of viruses, which are extensively used in pharmaceutical industry as potent vaccine adjuvants. [1,2] In these applications, the surface of VLPs is typically decorated with antigens from various infectious agents [3][4][5] or with haptens, [6] increasing by one or two orders of magnitude the antibody titers, and significantly enhancing T-cell and innate immune response. [7] A relevant immune response can however only be provoked if antigens retain their native 3D structure once immobilized on VLPs. The design of efficient vaccines relies therefore on the possibility to characterize the structure of the intermediate and final products during the genetic fusion or bioconjugation steps which are conventionally used to couple protein antigens to the surface of VLPs. Genetic fusion is technically simpler, but it often leads to insoluble or assemblydeficient products, so chemical ligation to free cysteines or lysines is usually the method of choice. [8,9] This protocol yields however assemblies, that are too heterogeneous to be studied by either xray crystallography or cryo-EM, and that are too large in size to be investigated by solution NMR.

In this context, magic-angle spinning (MAS) solid-state NMR spectroscopy appears particularly adapted, as this technique can provide structure information in supramolecular biological assemblies independently from their molecular size and the longrange order in the sample formulation. [10,11] A pioneering study in this direction has indeed demonstrated the possibility to characterize a pilot model of protein antigen adsorbed on aluminum hydroxide. [12] The main challenge for MAS NMR structural analysis of surface-coupled antigens is however greatly reduced NMR signal intensity associated with the small relative mass ratio of the antigen compared to the VLP. This problem adds to the difficulties in obtaining tens-of-milligrams labeled sample amounts needed by conventional MAS NMR approaches and to potential heterogeneity introduced by the chemical coupling. These limitations clearly prevent the widespread use of MAS NMR in vaccine research.

Two recent developments in MAS NMR, namely dynamic nuclear polarization (DNP) [13] and 1 H-detection at increased magic-angle spinning (MAS) frequencies [14,15] address the sensitivity problem, reducing the amount of sample and the acquisition times needed for a structural analysis. In the context of vaccine research, proton-detected solid-state NMR spectroscopy under 100 kHz MAS frequency has recently allowed the structural determination of 2.5 MDa VLP with sub-milligrams sample quantities. [16] In parallel, DNP-enhanced MAS NMR has been successfully applied to reveal multiple conformations of lipid-anchored peptides [17] as well as the adsorption mode of antigens onto aluminum-based adjuvants. [18] Here we take advantage of both approaches to perform the structural analysis of the influenza virus hemagglutinin (HA) stalk long alpha helix (LAH) antigen coupled to the surface of a VLP. We first use conventional MAS NMR to determine the 3D structure of the free antigen in microcrystalline form. We then exploit the sensitivity boost provided by proton detection and highfield DNP to assess the integrity of the antigen structure after the attachment onto the VLP surface, as well as to identify the structurally divergent regions. To our best knowledge, this work represents the first example of an atomic level structural analysis of a VLP-coupled protein.

The HA stalk LAH is one of the most conservative influenza virus antigens and is being investigated as a potential universal influenza vaccine component. [19] The immunogenic form of the protein is an α-helical trimer resembling the corresponding region of native HA in its post-fusion form. [20] We studied a short, Nterminally truncated version of the LAH antigen comprising HA residues 418-474. A high-resolution (1.34 Å) crystal structure of the LAH trimer was determined as a reference and to assist resonance assignment of MAS NMR spectra (Figure S1).

To increase antibody titers and obtain a stronger T-cell response, the antigen was coupled to VLPs of ssRNA bacteriophage Qβ (Figure 1), which have been used previously in vaccine development. [6,21,22] Uniformly (U)-13 C, 15 N-labeled LAH antigen (HA residues 418-474) was produced by expression in Escherichia coli and purified as described in Supporting information. The free form of the protein was precipitated using saturated ammonium sulphate. The coupling of labeled LAH antigen to unlabeled Qβ VLPs was performed via SATAmaleimide conjugation chemistry (Figure S2) and the resulting product was sedimented by ultra-centrifugation. [23,24] We started our study with the 13 C and 15 N chemical shift assignment of free LAH antigen by recording 13 C-detected experiments at moderate MAS frequencies (12.5-20 kHz in a 3.2 mm rotor) on a U-13 C, 15 N-labeled sample. An excellent spectral quality was observed in the 2D RFDR [25] and DARR [26] spectra (Figure S3), where isolated resonances displayed line widths of ~0.7 ppm. The backbone and side chain assignment was completed for residues 5-58, except for L30, L46, L54, K55 using 3D NCOCX, NCACX, CONCA and CANCO spectra (Figure S4). Figure 2a-b shows the assigned 2D NCO and NCA spectra.

Further, to obtain the 1 H chemical shift assignments we recorded experiments to correlate the 15 N and 13 C chemical shifts to those of their bound 1 H nuclei. To this end, we repacked the sample of free LAH antigen in a 0.7 mm rotor and acquired 3D (H)NCAH, (H)CBCAH, (H)COCAH and (H)CCH spectra [27] with 105 kHz MAS. Analysis of these spectra allowed assignment of the resonances of most Hα nuclei as well as of side chain protons (Figure 2c, Figure S5).

To determine the secondary structure elements, deviations of our assigned 13 Cα,β chemical shifts from random-coil values were analyzed (Figure 3a). This procedure predicted two helices with locations almost identical to those in the crystal structure, except that the helix 2 appeared to be shorter near the C-terminus by two residues. Further, to verify the same relative positioning of the two helices, we calculated the expected intra-molecular inter-residual H-H contacts <5 Å from the crystal structure and checked their manifestation in the 2D C(HH)C and N(HH)C spectra (Figure 3bc). A total of 689 (out of 1334) contacts were confirmed in this way including 297 sequential, 314 medium-range (2-4 residues apart) and 78 long-range (5 and more residues apart) contacts, which indicates a good fit between the MAS NMR data and the crystal structure. Finally, we calculated the 3D structure of the LAH trimer subunit using CYANA [28] with the confirmed H-H contacts as upper-limit distance restraints of 5 Å and backbone torsion angle (ψ, φ) restraints derived from chemical shifts using TALOS. [29] Notably, because cross peaks observed from a U-13 C, 15 N-labeled sample can arise from both intra-molecular and inter-molecular contacts the quaternary structure could not be determined based on these data. Although the inter-molecular contacts were ignored, our calculation converged to a single structure. The obtained structure is well defined, except for the first four and the last four residues, and agrees well with the crystal trimer subunit yielding a backbone heavy-atom RMSD of 0.89 Å, when superimposed (Figure 3d). Once coupled to VLP, we estimate that the LAH antigen occupies no more than ~10% of the sample volume (see Figure S2). In order to overcome the associated sensitivity drop, and allow a structural comparison of the free and VLP-coupled LAH antigen in reasonable experimental times, DNP-enhanced and proton-detected MAS NMR were employed.

DNP-enhanced NMR was applied at 800 MHz with 40 kHz MAS in a 1.3 mm rotor and under cryogenic temperatures. The sample was doped with the polarizing agent M-TinyPol, [30] which allows to conjugate the advantages of high magnetic fields and fast MAS [31] with large sensitivity enhancements. In these conditions, a sensitivity enhancement of about 40 was notably observed for the resonances of the VLP-coupled dilute LAH antigen (Figure S6), which enables the acquisition of sensitive 2D carbon-carbon fingerprints in 38 hours. Panels a-c of Figure 4 show expansions of the overlaid 2D 13 C-13 C dipolar correlation spectra of free and VLP-coupled LAH antigen acquired using DNP NMR. In parallel, 2D 1 H-detected CP-HSQC experiments (with a theoretical sensitivity gain by a factor of ~8 with respect to direct 13 C acquisition) were recorded at 1 GHz and at ambient temperature, in 1 hour. Experiments were carried out at intermediate spinning speeds (60 kHz) and rotor size (1.3 mm) which represents in our hands the best compromise between absolute sensitivity and resolution. Despite the lower expected sensitivity gain, the 1 H-detected experiments allow monitoring the 1 H NMR resonances that are more sensitive to small structural and environmental changes given the peripheral location of proton nuclei in proteins. Panels e-f show expansions of the overlaid 2D 13 C-1 H dipolar correlation spectra of the two forms. DNP-enhanced 2D 15 N-13 C and 1 H-detected 2D 15 N-1 H dipolar correlations were also recorded but were not sufficiently resolved for site-specific analysis (Figure S7). With respect to the DNP spectra, we note that sample freezing induces a substantial line broadening (cf. the room temperature spectrum of the free form superimposed in black) and causes the disappearance of several signals corresponding to the most dynamically disordered segments that are frozen out in different conformations under DNP conditions. This is the case for the first assigned N-terminal residue I5 and the C-terminal A58 (visible in INEPT spectrum, see Figure S6c) as well as part of cross-peaks from L36 located in the loop between helix 1 and 2, all of which are expected to exhibit significant mobility at ambient temperature.

The DNP-enhanced and proton-detected NMR fingerprints report on the 3D structural identity at atomic level of LAH trimer before and after chemical coupling to the VLP surface. In particular, the two pairs of spectra are virtually identical both in regions containing isolated peaks and also in the most crowded areas where the intensity distribution is unchanged. Notably, several well-resolved cross-peaks from residues V12, F16, I19 and W20 forming the hydrophobic core of the trimer (Figure 4d) feature a perfect overlap between the two forms in the DNPenhanced NMR spectra, confirming that the trimeric fold of LAH antigen is preserved in its VLP-coupled form. Although the chemical coupling involved modification of the amino group of lysines, no indication of heterogeneity (e.g. peak doubling of He/Ce correlations) could be seen in the spectra. At the same time a small number of signals are either shifted or lose intensity upon the coupling in the proton-detected CP-HSQC spectra. These signals correspond to the dynamical regions of the antigen, which are invisible under DNP at cryogenic temperature, and include peaks from the first assigned N-terminal residue I5 and the Cterminal A58 as well as from residues T35, L36, D37 and D40 located in the loop between helix 1 and 2. This likely reports on variations due to different aggregation states. For example, intermolecular contacts in the microcrystalline preparation are abrogated upon coupling to the VLP, as in the X-ray structure trimers pack with the loops against each other. The possibility to spot such interactions is a particular strength of the method as they may affect the availability of the antigen with an overall impact on the efficiency of the vaccine formulation.

In summary, MAS NMR spectroscopy was used to investigate the structure of the HA stalk LAH antigen both in free form and coupled to the surface of a VLP. Notably, the sensitivity and resolution afforded by high-field DNP-enhanced and 1 H-detected MAS NMR were sufficient for an atomic-level structural screening of the antigen with the extreme dilution imposed by the fusion with the large VLP carrier. The results revealed a high structural similarity of the free and coupled forms, with noticeable differences being limited to the less well-structured regions near the N and C termini and in the inter-helix loop confirming the preservation of the trimeric helix bundle of the LAH antigen in the vaccine formulation.

The MAS NMR methodology described in this work is expected to be valuable beyond applications in vaccine development, since the characterization of biomolecules upon chemical coupling is a common problem in many biotechnology problems. Some examples include covalent linking of enzymes to antibodies, protein labeling and exposure of "addresses" on the surface of protein nanocontainers. We expect that MAS NMR with high sensitivity will be able to contribute to the structure determination of the different components after bioconjugation in these many different areas.
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 1 Figure 1. (a) Structural model of LAH antigen coupled to the surface of Qβ VLP. (b) SDS-PAGE analysis of the coupling reaction: lanes 1 and 2 -HA stalk LAH and Qβ coat proteins before coupling; lane 3 -after coupling. Red arrow refers to the coupling zone, grey arrow -coat protein monomer, black arrow -HA stalk LAH protein. Coupling bands indicate a successful reaction.

Figure 2 .

 2 Figure 2. Chemical shift assignment of free LAH antigen. (a) and (b) Assigned NCO and NCA spectra of U-13 C, 15 N-labeled LAH antigen at 800 MHz with 17 kHz MAS. (c) Assigned 1 H-detected 2D 13 C, 1 H CP-HSQC spectra of U-13 C, 15 N-labeled free LAH antigen at 1 GHz with 105 kHz MAS.

Figure 3 .

 3 Figure 3. Secondary and tertiary structure of free LAH antigen. (a) 13 Cα and 13 Cβ chemical shift deviations from random-coil values in LAH antigen. Δδ( 13 Ci) values above 1 are indicative of helices, while values below -1 indicate β-strand or extended structure. The Δδ( 13 Ci) value for each residue i was determined as an average over three residues. Locations of helices in the crystal structure of LAH trimer are indicated above the plot. (b) and (c) Expansion of 2D C(HH)C and N(HH)C spectra of U-13 C, 15 N-labeled LAH antigen at 800 MHz with 20 kHz MAS. Confirmed inter-residual H-H proximities <5 Å expected based on the crystal structure of LAH trimer are indicated with a red cross. (d) MAS NMR structure of LAH trimer subunit and comparison with the crystal structure.

Figure 4 .

 4 Figure 4. Comparison of free and VLP-coupled LAH antigen. (a), (b) and (c) Overlays of different spectral regions from DNP-enhanced 2D CORD spectra of U-13 C, 15 N-labeled free (blue) and VLP-coupled (red) LAH antigen at 800 MHz and 115 K with 40 kHz MAS with the room temperature 2D DARR spectrum of free LAH antigen (black) at 800 MHz with 20 kHz MAS. (d) Crystal structure of LAH antigen showing the side chains of V12, F16, I19 and W20 that make up the hydrophobic core of the trimer. (e) and (f) Overlays of Hα-Cα and side chain regions from 1 H-detected 2D 13 C, 1 H CP-HSQC spectra of U-13 C, 15 N-labeled free (blue) and VLP-coupled (red) LAH antigen at 1 GHz with 60 kHz MAS. (g) Crystal structure of LAH trimer showing the side chains of residues T35-D40 in the loop between helices 1 and 2.
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