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Abstract 

Tick-borne encephalitis virus is an enveloped, pathogenic, RNA virus in the family Flaviviridae, genus Flavivirus. 

Viral particles are formed when the nucleocapsid, consisting of an RNA genome and multiple copies of the capsid 

protein, buds through the endoplasmic reticulum membrane and acquires the viral envelope and the associated 

proteins. The coordination of the nucleocapsid components to the sites of assembly and budding are poorly 

understood. Here, we investigate nucleocapsid assembly by characterizing the interactions of the wild-type and 

truncated capsid proteins with membranes by using biophysical methods and model membrane systems. We show 

that capsid protein initially binds membranes via electrostatic interactions with negatively-charged lipids which is 

followed by membrane insertion. Additionally, we show that membrane-bound capsid protein can recruit viral 

genomic RNA. We confirm the biological relevance of the biophysical findings by using mass spectrometry to show 

that purified virions contain negatively-charged lipids. Our results suggest that nucleocapsid assembly is 

coordinated by negatively-charged membrane patches on the endoplasmic reticulum and that the capsid protein 

mediates direct contacts between the nucleocapsid and the membrane. 

 

Keywords: flavivirus / Langmuir-Blodgett trough / lipid / nucleocapsid / quartz crystal microbalance with 

dissipation monitoring  
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Introduction 

Tick-borne encephalitis virus (TBEV) is a viral pathogen in the family Flaviviridae, genus Flavivirus (Lindenbach et al, 

2013; Simmonds et al, 2017). TBEV is mainly spread by ticks, and causes life-threatening neurological symptoms 

with human fatality rates as high as 40 % depending on the virus subtype (Bogovic & Strle, 2015; Ruzek et al, 

2019). Although an effective vaccine exists, the frequency of TBEV infections has increased dramatically in recent 

decades (Bogovic & Strle, 2015; Ruzek et al, 2019). Furthermore, there are no antivirals available, and the 

treatment of patients is limited to symptomatic care (Bogovic & Strle, 2015; Ruzek et al, 2019).  

 

The TBEV virion has a typical flavivirus structure (Füzik et al, 2018; Pulkkinen et al, 2022). The surface of the virion  

is made up of two protein species, E and M, that are embedded in the virion envelope in an icosahedrally-

symmetric lattice (Füzik et al, 2018; Pulkkinen et al, 2022). The nucleocapsid (NC) consists of a positive-strand RNA 

genome of about 11 kb and multiple copies of the capsid (C) protein. However, the structure of the NC inside the 

particle and its assembly remain poorly understood (Füzik et al, 2018; Pulkkinen et al, 2018, 2022). The NC 

assembles at the endoplasmic reticulum (ER) and buds into the ER lumen acquiring both the lipid envelope and the 

envelope proteins during this process (Lindenbach et al, 2013; Pulkkinen et al, 2018). This yields immature, non-

infectious particles that need to undergo both pH-mediated conformational changes as well as proteolytic 

cleavage to mature (Stadler et al, 1997). In addition to the NC itself, assembly and budding involve at least E, the M 

protein precursor (prM), the viral non-structural (NS) proteins NS2A, NS2B-NS3 and multiple host factors such as 

SPCS1, nucleolin, DDX56, and components of the endosomal sorting complex required for transport (ESCRT) 

(Corver et al, 2000; Ferlenghi et al, 2001; Lorenz et al, 2003; Kümmerer & Rice, 2002; Liu et al, 2003; Leung et al, 

2008; Patkar & Kuhn, 2008; Xu et al, 2011; Balinsky et al, 2013; Xie et al, 2013; Voßmann et al, 2015; Xie et al, 

2015; Blazevic et al, 2016; Tabata et al, 2016; Reid & Hobman, 2017; Ma et al, 2018). Currently, it is not clear if the 

NC assembles before or concurrently with membrane budding, but since isolated NCs have not been observed in 

cells, the processes are likely interlinked (Offerdahl et al, 2012; Miorin et al, 2013; Hirano et al, 2014; Yu et al, 

2014). The central role of the C protein is to recruit genomic RNA to the ER budding site either by interacting with 

the transmembrane domains of E and prM, host proteins, viral NS proteins, or specific ER lipids (Pulkkinen et al, 

2018). However, the regulation of these interactions is not understood.  
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The C protein is translated as part of the single, ER-embedded TBEV polyprotein. It initially has a C-terminal 

membrane-spanning anchor of 20 residues, which is cleaved by the viral NS2B-NS3 protease (Amberg et al, 1994). 

The mature form of TBEV C protein consists of 96 residues. Homology modelling predicts a similar fold to that of 

other flavivirus C proteins species (Figure S1) (Ma et al, 2004; Dokland et al, 2004; Shang et al, 2018; Pulkkinen et 

al, 2018; Poonsiri et al, 2019; Barrass et al, 2021). The TBEV C protein is a dimer both in solution, and within the 

virion, although higher-order oligomerisation has been suggested to occur in other flaviviruses such as Zika virus 

(Kiermayr et al, 2004; Kaufman et al, 2020; Tan et al, 2020; Barrass et al, 2021). The C protein contains a positively-

charged, flexible N-terminus (17 aa) and four α-helices (α1–α4), with dimerization occurring via antiparallel 

interactions of the α2 and α4 helices (Ma et al, 2004; Dokland et al, 2004; Shang et al, 2018; Boon et al, 2018; 

Pulkkinen et al, 2018; Poonsiri et al, 2019; Barrass et al, 2021). The α4 helix contains multiple positively-charged 

residues, thought to form a charged surface responsible for nucleic acid binding (Samuel et al, 2016; Shang et al, 

2018; Kaufman et al, 2020). The other side of the dimer (the α2 helix or the N-terminus) may be important for 

nucleic acid or membrane binding, although this facet of C protein function remains under-studied (Markoff et al, 

1997; Kofler et al, 2002; Nemésio et al, 2013; Shang et al, 2018). 

 

As the C protein has membrane affinity, and the assembly process occurs at the ER, it is likely that specific ER lipids 

are involved in the process. Budding involves generating extreme membrane curvature which is only possible in 

the presence of suitable lipids. Flavivirus infection leads to a significant increase in curvature-promoting lipids in 

the host, and increases the curvature of the ER membrane (Miller et al, 2007; Gillespie et al, 2010; Perera et al, 

2012; Peña & Harris, 2012; Martín-Acebes et al, 2014; McMahon & Boucrot, 2015; Cortese et al, 2017; Yau et al, 

2019). Previous work has mainly concentrated on fluorescence microscopy-based characterization of C protein 

localization in infected cells, experiments conducted with C-derived peptides, and indirect characterization of 

membrane insertion (Markoff et al, 1997; Kofler et al, 2002; Samsa et al, 2009; Nemésio et al, 2011, 2013; Fajardo-

Sánchez et al, 2017; Vonderstein et al, 2018). Here, we have probed the role of lipids in the NC assembly by using 

recombinant TBEV C and various model lipid systems to biophysically characterize the interaction of the C protein 

with membranes. We show that the C protein initially binds to lipids with negatively-charged head groups via 

electrostatic interactions which is then followed by membrane insertion. We confirm the physiological relevance of 
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the experimental system by showing that the C protein can recruit genomic RNA whilst membrane-bound in the 

presence or absence of the 17 N-terminal residues. Furthermore, we characterise the TBEV lipidome with ultra-

high performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UHPLC-QTOF-MS) and 

show that the TBEV virion contain lipids with negatively-charged head groups. Our results indicate that the C 

protein may be recruited to the ER via positively charged lipid head groups, helping to nucleate the assembly of 

the NC and acquisition of the membrane through budding into the ER.  

 

Results 

Purified C protein binds to lipids with negatively-charged head groups 

Both the full-length C and the truncated C (C18–93, containing residues 18–93) were expressed in E.coli, and after 

immobilized metal affinity chromatography and ion-exchange chromatography, eluted as pure dimers in size-

exclusion chromatography confirmed by SDS-PAGE and immunoblotting (Figure S2). The A260/A230 ratios of the 

purified proteins were 0.61±0.02 and 0.55±0.25 for C and C18–93 respectively indicating no significant nucleic acid 

contamination (average of three technical replicates) (Warburg & Christian, 1942). 

 

To determine if C protein bound to membranes and if lipid binding was dependent on the type of lipid head 

groups, we used liposome co-sedimentation. First, we used liposomes containing either brain total lipid extract 

(BTLE), or a mixture of the uncharged lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine (DOPE). C protein was found to bind and co-sediment with BTLE liposomes, but 

not with DOPC-DOPE (Figure 1A, B). Next, we supplemented the DOPC-DOPE liposomes with individual 

glycerophospholipids, sphingolipids or cholesterol (Chol) representing different specific lipid properties.  

Incorporation of sphingomyelin (SM), phosphatidylinositol (PI), or galactocerebrosides (GalCer) showed that lipids 

with uncharged or glycosylated head groups did not markedly increase C protein binding, neither did Chol. 

However, clear binding was detected after incorporation of the negatively-charged 1-palmitoyl-2-oleoyl-sn-

glycero-3-phospho-L-serine (POPS) or the highly negatively-charged L-α-phosphatidylinositol-4,5-bisphosphate 

(PI(4,5)P2) (Figure 1A, B). This indicated that C bound to negatively-charged membranes without a preference for a 
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specific head group. Furthermore, PI(4,5)P2 that is 3 times more charged than POPS resulted in increased binding 

(Figure 1A, B). To further confirm the role of charge, DOPC-DOPE liposomes were supplemented with increasing 

concentrations of POPS, increasing the negative charge of the liposomes proportionally, and co-sedimentation was 

then assessed. The fraction of co-sedimenting C protein increased with increasing POPS concentrations, with all C 

protein being bound at 40 % POPS (Figure 1C, D). Thus, 40 % POPS was used for further experiments. 
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Figure 1. C protein binds preferentially to negatively-charged lipids 

A, B C protein co-sedimentation with liposomes of different compositions. (A) shows representative SDS-PAGE 

bands with S indicating the supernatant and P the pellet. (B) shows densitometric quantitation of the co-

sedimenting fraction from the pellet. PC/PE refers to pure DOPC/DOPE liposomes, BTLE to pure BTLE liposomes, a 

dash to the no liposome control and the other labels to DOPC/DOPE liposomes supplemented POPS, Chol, SM, PI, 

PI(4,5)P2  or GalCer. 

C, D C protein co-sedimentation with liposomes containing varying amounts of POPS. (C) shows representative 

SDS-PAGE bands where S indicates the supernatant and P the pellet with the POPS percentage indicated above the 

lanes. (D) shows densitometric quantitation of the co-sedimenting fraction from the pellet with the w/w 

percentage of POPS in the liposomes is indicated on the Y axis. 
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Data information: In (B) and (D), data are shown as the averages of three replicates with the error bars 

representing the standard deviation (s.d.). Individual measurements are shown as diamonds. Data are normalized 

against no liposome (B) or 0 % POPS control (D). 

 

Initial C protein recruitment to the membrane is of an electrostatic nature 

To further characterise the binding of C protein to membranes, supported lipid bilayers (SLBs) on a quartz crystal 

microbalance with dissipation monitoring (QCM-D) measurements were used. SLBs were generated either from 

pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) or a mixture of POPC and POPS (60:40 % w/w) 

(Figure 2 A). QCM-D measures the change in frequency (ΔF) of an oscillating quartz crystal which is related to the 

mass adsorbed to its surface. It also monitors the energy dissipation (ΔD) representing how rigid the adsorbed 

material is, a high dissipation corresponding to a more viscoelastic (soft) film. During formation of SLBs the 

adsorption of liposomes and subsequent fusion into a two-dimensional rigid SLB can be scored using these 

parameters (Figure 2A) (Cho et al, 2010). After the formation of the SLB and the equilibration of the system with 

Tris-buffered saline (TBS), the ΔF and ΔD values were zeroed, and the C protein was injected. The C protein 

injection caused the ΔF to decrease to −23.9 Hz on average (s.d. 2.2 Hz) in POPC/POPS experiments indicating a 

clear binding of additional mass on to the SLB (Figure 2B, C). However, repeating the experiment in the presence of 

pure POPC SLBs, resulted in a significantly smaller ΔF after C protein injection (on average 0.9 Hz, s.d. 0.88 Hz) 

indicating no mass binding (Figures 2 C, S3). The ΔF difference between protein binding to the POPC/POPS and 

POPC SLBs was statistically significant (p-value 6.94×10−7). Together, this comparison showed that the binding of C 

protein to SLBs was dependent on the presence of charged POPS (Figures 2 C, S3). Interestingly, the ΔD upon C 

protein adsorption to the POPC/POPS SLBs was very low (3.8×10-7, s.d 1.4×10−6) indicating that the C protein forms 

a very rigid layer when adsorbed to the membrane (Cho et al, 2010). 

 

To probe the electrostatic nature of the initial C protein recruitment to the membrane, the C protein was injected 

in a buffer containing 1 M NaCl on SLBs preequilibrated with the same buffer. After reequilibrating the SLBs with 

TBS, the ΔF value was on average −0.6 Hz (s.d 0.3 Hz) compared to the pre 1 M NaCl equilibration showing that no 

C protein bound to the SLBs (Figures 2 C, S3). The difference between injection on pure POPC SLBs and on 
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POPC/POPS SLBs in 1M NaCl was not statistically significant (p-value 0.13). To test if the C protein membrane 

contacts are purely electrostatic, C protein was bound to SLBs in TBS, and then washed with 1 M NaCl buffer either 

right after equilibration or after a 2 h post-equilibration incubation. A wash with 1M NaCl resulted in what is 

referred to as “buffer shift” in the F and D values, which was reversed when moving back to the original buffer (Liu 

et al, 2022). In both cases, only partial detachment of the C protein from the SLBs was detected with the final ΔF 

value being −11.9 Hz in the immediate wash experiment, and −11.3 in the 2h-incubation experiment (s.d. 1.9 and 

1.5 Hz, respectively) (Figure 2 D). The ΔF values were significantly different from zero with p-values of 0.013 

(immediate wash experiment) and 0.009 (2h-incubation experiment). However, they were not significantly 

different between the experiments with a p-value of 0.10. This shows that initial membrane recruitment of C 

protein is strongly dependent on its interactions with the negatively-charged lipid headgroups. However, once 

bound, the C protein-membrane interaction is complemented with non-electrostatic interactions such as 

membrane insertion or protein oligomerization. Since the amount of detached protein is not dependent on 

incubation time, it suggests that the protein´s non-electrostatic organization on the membrane occurs 

concurrently with adsorption. 

 

When the same measurements were performed with the C18–93 construct, similar results to the wild-type C were 

obtained. The C18–93 protein injection caused a 24.1 Hz drop in ΔF (s.d 0.8 Hz) with the final ΔF value being 

significantly different from the C protein binding to pure POPC experiment (p-value 6.04×10−7) (Figure 2 C, S3). 

When the bound C18–93 was washed with high-salt buffer, mass was retained on the SLB with a final ΔF value of 

−7.3 Hz (s.d. 0.2 Hz) (Figure 2 D, S3). The final ΔF value was significantly different from zero (p-value 0.0002). 

Additionally, the final ΔF value was not significantly different from the full-length C protein experiments (p-values 

0.079 and 0.066 for the comparison to the immediate wash and 2h incubation experiments respectively). This 

showed that the deletion of the N-terminus did not significantly alter membrane binding of the C-protein. 
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Figure 2. C protein binding to SLBs in QCM-D measurements 

A Representative QCM-D curves from POPC/POPS SLB generation. The ΔF and ΔD have been zeroed to prelipid 

injection equilibrium values. 
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B Representative QCM-D curves from a C protein binding experiment on POPC/POPS SLB. The ΔF and ΔD have 

been zeroed to equilibrium values after SLB formation. The large reversible changes in ΔF and ΔD after 1 M NaCl 

injection indicate a typical “buffer shift”, as the ΔF and ΔD values are sensitive to buffer viscosity (Liu et al, 2022). 

C Quantitation of the final −ΔF values upon C protein and C18–93 injection on SLBs composed of pure POPC (PC), or 

POPC/POPS mixture (PC/PS) either in TBS or in 1 M NaCl-containing buffer. 

D Quantitation of the final −ΔF values on SLBs with prebound C or C18–93 after 1 M NaCl wash either right after 

equilibration, or after 2h incubation. 

Data information. Data in C and D are shown as the mean of 6 (C binding in TBS on POPC/POPS) or 3 (all others) 

replicates with the s.d. represented by the error bars. Individual measurements are shown as diamonds. Statistical 

significance (p < 0.05) is indicated by an asterisk and non-significant differences with NS. See main text for the p-

values. 

 

C protein inserts into membranes 

To investigate if the C protein membrane binding includes insertion into the membrane after the initial 

electrostatic binding, we used Langmuir-Blodgett trough monolayer experiments. We formed monolayers of pure 

POPC or POPC/POPS mixture (60:40 %, w/w) and monitored the pressure (π) of the monolayers following a C or 

C18–93 injection into the subphase. The π increase (Δπ) between the starting (π0) and ending pressures were 

measured at different π0 values. The regression between Δπ and π0 was used to determine the maximum injection 

pressure (MIP) of the proteins. 

 

Injection of full-length C into the subphase led to sharp π increases at all tested π0 values in monolayers containing 

40 % POPS (Figures 3A, S4). The MIP of full-length C was 39.1 mN/m, which is remarkably higher than the pressure 

of a lipid bilayer (~30 mN/m), suggesting that C is capable of inserting into bilayers such as the ER membrane 

(Figure 3B) (Blume, 1979; Marsh, 1996; Calvez et al, 2009). Contrastingly, in the absence of POPS, smaller π 

increases were detected, and the Δπ value was zero at π0 of 20.20 mN/m (Figures 3A, S4).  Furthermore, the MIP 

value of full-length C in pure POPC monolayers was 19.7 mN/m, which is notably smaller than the pressure of a 

lipid bilayer showing that negatively-charged lipids such as POPS are needed for C protein membrane insertion at 
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physiological membrane pressures (Figure 3C) (Blume, 1979; Marsh, 1996; Calvez et al, 2009).  The C18–93 protein 

behaved similarly to the wild-type C in POPS-containing monolayers with a MIP of 37.7 mN/m (Figures 3A, D, S4). 

This corroborates the similar QCM-D results between C and C18–93, and shows that the N-terminus is not needed for 

C protein membrane insertion. 
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Figure 3 C protein membrane insertion 

A Representative Δπ curves for C protein injected with a POPC/POPS (black) or POPC (purple) monolayer, and C18–

93 protein injected in with a POPC/POPS monolayer (red) at π0 values of 18.1±0.2 mN/m. 

B, C, D MIP curves of C protein with POPC/POPS (B) and pure POPC (C) monolayers, and C18–93 with POPC/POPS 

monolayers (D). The pressure of a bilayer (∼30 mN / m) is indicated along with the MIP (Blume, 1979; Marsh, 

1996; Calvez et al, 2009).  

Data information. In (A), π is zeroed to π0. The Individual measurements in (B), (C), and (D) are shown as diamonds. 

The R² values in (B), (C), and (D) are 0.9344, 0.9818, and 0.9935, respectively. 
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Membrane-bound C protein can recruit TBEV genomic RNA 

To confirm that the C protein is biologically active, we investigated its ability to bind RNA. First, we confirmed the 

binding in solution using in vitro transcribed TBEV genomic RNA with a gel electrophoretic mobility shift assay 

(GEMSA). Using a C to RNA molar ratio of 624:1 fully prevented the RNA from migrating normally indicating 

binding (Figure 4A).  

 

As the simultaneous binding of membranes and RNA is a key function of the C protein, we investigated its RNA 

recruitment capability whilst membrane-bound using QCM-D. In these experiments, C protein was essential for the 

recruitment of TBEV genomic RNA on SLBs (Figure 4B, C, D). Injecting 5 µg of in vitro transcribed TBEV genomic 

RNA on SLBs which had bound C protein resulted in an average ΔF of −44.2 Hz at equilibrium (s.d. 0.5 Hz) showing 

RNA binding (Figure 4B, C). In contrast, the ΔF value with SLBs with no prebound C remained close to zero after 

RNA injection, with an average equilibrium ΔF of −0.6 Hz (s.d. 0.3 Hz) indicating no binding of mass on the SLBs 

(Figures 4C, S5). The equilibrium ΔF value difference between C protein-containing and protein-free SLBs was 

statistically significant (p-value 1.34×10−6) (Figure 4C). Interestingly, the ΔD value also increased to 7.92×10−6 on 

average after RNA binding (s.d. 1.03×10−6) in the protein-treated SLBs, indicating that the RNA did not bind as a 

rigid uniform layer but rather as a flexible assembly (Figure 4B, C). Without prebound C protein, the ΔD did not 

increase and remained at an average −8.8×10−8 at equilibrium (s.d. 5.4×10−8) (Figures 4C, 5). The equilibrium ΔD 

value difference between the experiments with and without prebound C protein was statistically significant (p-

value 0.008) (Figure 4D). These data show that membrane-bound C protein is capable of recruiting TBEV genomic 

RNA at the membrane, suggesting that this also happens in the context of NC assembly. 

 

When the SLB RNA-binding experiments were repeated with C18–93, the results were similar as with full-length C. 

After RNA injection on C18–93-treated SLBs, the ΔF value dropped to −40.1 Hz on average and the ΔD value 

increased to an average of 5.7×10−6 (s.d. 2.5 Hz and 2.1×10−7, respectively). The difference to the no protein 

experiment for both ΔF and ΔD was significant (p-values 0.002 and 0.0007, respectively) (Figure 4C, D). While the 

ΔF and ΔD values in the C18–93 experiments were closer to zero than in the wild-type C experiments, the differences 

were not statistically significant (p-values 0.156 and 0.097 respectively). 
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Figure 4. C protein - RNA interactions 

A GEMSA gel showing C protein binding to RNA in solution. RNA refers to only RNA, and C to only C protein 

corresponding to the highest C protein concentration used. The C to RNA molar ratio is indicated. The red arrow 

indicates the wells where the C-RNA complex has been immobilized, and the black arrow indicates the bands of 

the freely migrating RNA. 
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B Representative QCM-D curves from an RNA-binding experiment on POPC/POPS SLBs with bound C protein. The 

ΔF and ΔD have been zeroed to equilibrium values after SLB formation. 

C, D Quantitation of ΔF (C) and ΔD (D) changes upon RNA insertion on SLBs pretreated with C, C18–93, or no protein.  

Data information. Data in C and D are shown as the mean of 3 repeats with s.d. represented by the error bars. 

Individual measurement are represented by the diamonds. Statistical significance (p < 0.05) is indicated with an 

asterisk. See the main text for the p-values.  

 

TBEV virions contain negatively-charged phosphatidylserine 

If the binding of C protein to negatively-charged lipid head groups is important for particle assembly, it is likely that 

these lipid species are incorporated into the virion during the budding into the ER. To investigate this possibility, 

we used UHPLC-QTOF-MS to characterize the TBEV lipid content of purified virions. The average integrated peak 

area of each investigated lipid species was compared between TBEV-containing samples, and buffer-only mock 

samples. Significantly higher integrated peak areas were interpreted as the presence of the species in the TBEV 

preparation, instead of noise caused e.g. by buffer or instrument contamination. 

 

Multiple lipid species of different classes were detected in the TBEV samples (Figure 5 A, file S1). The virions 

contained lipids from two negatively-charged classes, phosphatidylserine (PS) and phosphatidylglycerol (PG) 

(Figure 5 A, File S1). In addition, neutral carnitine fatty acids (Car), phosphatidylethanolamines (PE), PIs, 

phosphatidylcholines (PC), ceramides (Cer), hexosylceramides (HexCer), and triglycerides (TG) were detected 

(Figure 5 A, File S1). The analysed lipid classes not found in virions were lyso-PE (LPE), lyso-PC (LPC), diglyceride 

(DG), and cardiolipin (CL) (Figure 5B, File S1). The virions contained multiple PS species: 32:1, 34:1, 36:1, 36:2, and 

38:5 (number of carbons:number of double bonds), which confirms the biological relevance of using this lipid class 

in the model membrane experiments (Figure 5B, File S1). These data show that negatively-charged lipids are 

incorporated into the virion during the budding process, supporting the hypothesis that C protein interactions with 

them have a role in NC assembly and budding. 
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Figure 5 Mass spectrometry characterization of the lipids in TBEV virions 

A Fold-increases of the integrated peak areas of the analysed lipid species in TBEV versus buffer samples. 

B Integrated peak areas of the detected PS species in TBEV virions and mock samples. The background peak level 

of each lipid species from a blank run is indicated with the dotted line. 

Data information: Data in A are shown as the ratio of the average integrated peak areas of TBEV virions divided by 

the buffer controls from four technical repeats. Data in B are shown as the averages of four technical replicates 

with the horizontal bar representing the mean and the error bars representing the s.d.. Individual species (A) or 

measurements (B) are represented by the diamonds. Significance in A, and B is indicated when p < 0.05 either in 

red (A) or with an asterisk (B). For the p-values, see file S1. 
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Discussion 

Our unique combination of biophysical methods and model membrane systems allowed us to show that 

negatively-charged lipids are required for TBEV C protein membrane interactions, and that the protein inserts into 

membranes. The methods allowed us to demonstrate RNA recruitment onto membranes by the C protein, 

supporting that the NC assembly occurs on the ER membrane (Pulkkinen et al, 2018). We show that aa residues 1–

17 are not required for these interactions, and that membrane binding and RNA recruitment can occur 

independently of any other host or viral proteins. Additionally, we confirm the biological relevance of the 

interactions with negatively-charged lipids observed in the biophysical experiments by showing that negatively-

charged PS and PG lipids are incorporated into the virion. PS, not PG, has been found previously in the lipid 

composition of West Nile virus (Martín-Acebes et al, 2014). Our findings on C protein membrane binding 

properties agree with previous observations from flaviviruses (Markoff et al, 1997; Kofler et al, 2002; Nemésio et 

al, 2011; Freire et al, 2013; Nemésio et al, 2013; Ambroggio et al, 2021).  

 

While it is clear that the C protein can perform both membrane binding and insertion as well as RNA binding 

simultaneously, the mechanism for this remains unclear. The first 17 residues of the C have been reported to be 

dispensable for TBEV particle assembly, which is consistent with our in vitro results, and supports that the N-

terminus primarily has a role in modulating the host response (Kofler et al, 2002; Yang et al, 2002; Limjindaporn et 

al, 2007; Colpitts et al, 2011; Bhuvanakantham & Ng, 2013; Katoh et al, 2013; Urbanowski & Hobman, 2013; 

Samuel et al, 2016; Slomnicki et al, 2017; Fontaine et al, 2018). As the initial membrane binding and RNA 

recruitment are charge-mediated and the charged N-terminus is not needed for either of these functions, it seems 

like the positively-charged α4–α4 interface would bind both, unless conformational changes occur during 

membrane insertion expose additional binding sites (Figure S1) (Pulkkinen et al, 2018; Barrass et al, 2021). Based 

on the QCM-D results, the binding followed two different kinetics, and after binding and insertion, only half of the 

C protein could be removed by a high NaCl wash. This indicates that most probably, higher-order interactions 

occur, with rapid nucleation on the membrane, for instance by the α4–α4 interface, followed by slower recruitment 

of additional molecules via the opposite face of the dimer, namely the α2 helix (Figures 2B and 4B).  The newly 
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added molecules would have the α4–α4 interface exposed for RNA recruitment. These additional molecules would 

more likely be removed by the high NaCl wash, as they would not be inserted into the membrane due to steric 

hindrance from the first layer of protein. The only evidence for regular interactions in the virion is that of a dimer 

from cross-linking mass spectrometry, but in order to form the NC, it is highly likely that there are additional, 

higher-order C protein interactions (Barrass et al, 2021). The results support that C binding to negatively-charged 

surfaces is an important step in RNA recruitment, just as in dengue virus (DENV) (Mebus-Antunes et al, 2022). We 

cannot rule out that the C protein preparation is heterogeneous, despite its appearance, and this heterogeneity 

could cause the partial insertion observed. Further functional studies are needed to determine the orientation, 

conformation and multimerisation status of C on the membrane.  

 

Another factor that could influence the C protein interaction with negatively-charged lipids, would be its 

phosphorylation state. In West Nile virus, C protein, phosphorylated by protein kinase C, is imported into the 

nucleus through binding to importin α. The nuclear import leads to localization in the nucleolus where C binds to 

HDM2 starting apoptosis (Bhuvanakantham et al, 2010). Phosphorylation decreases the cytoplasmic C protein 

amount, and reduces binding to RNA (Cheong and Ng, 2011), thus decreasing the pool of protein available for NC 

assembly. TBEV C protein is also transported to the nucleolus (Vonderstein et al, 2018), so it is likely that this is 

also through phosphorylation and importin α.  Likely residues for phosphorylation are S83, S19 and S65. One of the 

predicted phosphorylation sites (S83) is present on the α4 helix, so the charge of the phosphate group could repel 

the negatively-charged membrane and prevent binding, whereas dephosphorylation would promote assembly, 

increasing the propensity of C to bind to both membranes and RNA in TBEV. Such a mechanism has recently been 

reported for herpesvirus nuclear egress complexes that bind to negatively-charged lipids (Thorsen et al, 2021). 

  

Based on our results, negatively-charged ER lipid patches may act as the nucleation sites for NC assembly by 

binding the C protein that subsequently recruits the genomic RNA. PS, which we detected in the virion envelope, is 

also a major component of the ER (Van Meer et al, 2008). ER lipid microdomains are most prevalent at the contact 

sites between the ER, mitochondria (rich in PG), and lipid droplets where there is extensive exchange of lipids 

between organelles (Van Meer et al, 2008; Wang et al, 2020). Mitochondria and lipid droplets are often observed 
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in close proximity to the ER replication sites of TBEV, DENV and Zika virus (Chatel-Chaix et al, 2016; Cortese et al, 

2017; Yau et al, 2019). Additionally, the recruitment of the C protein to lipid droplets has been suggested to be 

important for DENV assembly (Samsa et al, 2009; Carvalho et al, 2012). As flavivirus infections cause changes in the 

host cell lipid metabolism, it is possible that this leads to an increase in PS and PG content in the ER. The observed 

frequent association of mitochondria and lipid droplets with flavivirus replication sites as well as the presence of 

PS and PG in the TBEV envelope maybe the results of this (Perera et al, 2012; Peña & Harris, 2012; Martín-Acebes 

et al, 2014). 

 

In conclusion, we have determined that NC assembly is most likely membrane-associated, involving specific lipids. 

Although often ignored in virus structure and assembly, the importance of specific lipid species is gradually being 

recognised in flavivirus assembly, including the recent discoveries of ordered lipids in flavivirus membranes 

coordinated by the E and M membrane helices (DiNunno et al, 2020; Khare et al, 2021; Hardy et al, 2021; Renner 

et al, 2021; Pulkkinen et al, 2022). Our results provide a starting point for further structural and mechanistic 

studies on the role of lipid interactions in TBEV NC assembly. 

 

 

Materials and methods  

Lipids 

The following lipids were purchased from Avanti Polar Lipids (Alabama, USA) as lyophilized powder: DOPC 

(850375), DOPE (850725), porcine BTLE (131101), POPS (sodium salt, 840034), SM (N-[dodecanoyl]-sphing-4-enine-

1-phosphocholine, LM2312), ovine Chol (700000), bovine liver L-α-PI (840042), porcine brain PI(4,5)P2 (ammonium 

salt, 840046), and POPC (850457). Bovine brain GalCer (C4905) were purchased from Sigma-Aldrich (Missouri, USA) 

as lyophilized powder. 
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Cloning and protein purification 

Full-length TBEV C protein (residues 1–96) and a truncated C protein (C18–93, containing residues 18–93) from the 

Kuutsalo-14 strain (GenBank: MG589938.1) with an N-terminal 6x His + Small Ubiquitin-like Modifier (SUMO) tag 

were cloned into pET28 plasmid as a commercial service by DNA Dream Lab (Helsinki, Finland) (Kuivanen et al, 

2018). The proteins were expressed in E. coli ArcticExpress cells. The cells were grown o/n at 37 °C with 225 RPM 

shaking in lysogeny broth (LB, 1% w/v tryptone, 0.5% w/v yeast extract, 85 mM NaCl) containing 50 µg/ml 

kanamycin and 10 µg/ml gentamycin. Cells were inoculated into fresh LB without antibiotics, and grown at 30 °C 

with 225 RPM shaking until OD600 reached 0.5. The cultures were moved to +12 °C with 225 RPM shaking for an 

hour and induced with isopropyl β-d-1-thiogalactopyranoside (IPTG, final concentration 1 mM). The induced 

cultures were grown for 24 h at 12 °C with 225 RPM shaking and harvested by centrifuging at 3000 × g for 20 min 

at +4 °C. The supernatant was discarded, and the pellets stored at −80 °C until needed. 

 

The frozen pellets were resuspended on ice in 300 mM NaCl, 50 mM Tris, 375 mM L-arginine, 20 mM imidazole, pH 

7.5 containing Pierce protease inhibitors (Thermo Fisher, A32965). The cells were lysed with an Emulsiflex 

apparatus (Avestin Inc., Ontario, Canada) operated at 15 000 psi for 10 min. The cell lysates were precleared for 30 

min at 20 200 × g at + 4 °C. The resulting supernatant was further cleared by centrifuging at 96 600 ×g for 1.5 h at 

+4 °C. The proteins were captured with nickel immobilized metal affinity chromatography using a 5 ml HisTrap FF 

column (Cytiva, Massachusets, USA) and a linear imidazole gradient from 0 mM to 1000 mM over 25 column 

volumes. The purified proteins were buffer-exchanged into 300 mM NaCl, 50 mM Tris, pH 7.5 with PD 10 columns 

(Merck, New Jersey, USA) using the manufacturer’s protocol. The SUMO tags were cleaved using in-house-

produced SUMO protease o/n (full-length C) or for 48 h (C18–93) at RT with gentle agitation. The cleaved tags were 

removed by cation exchange chromatography using a 1 ml HiTrap SP HP column (Cytiva) with a linear NaCl 

gradient from 300 mM to 1000 mM over 25 column volumes. SEC was used to buffer exchange the samples into 

300 mM NaCl, 50 mM Tris, pH 7.5 using a Superdex 200 10/300 GL column (Cytiva). The peak fractions were 

collected, aliquoted, and stored in −80 °C. The aliquots were characterized with SDS-PAGE and immunoblotting 

(see below), the protein concentrations were measured with a QFX fluorometer (DeNovix, Delaware, USA) using a 
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Qubit Flex kit (Thermo Fisher, Massachusetts, USA), and the A260/A280 ratios of the samples were measured using a 

Nanodrop instrument (Thermo Fisher). 

 

SDS-PAGE and immunoblotting 

Samples were mixed with Laemmli sample buffer, incubated for 5 min at 95 °C, and proteins were resolved using 

electrophoresis in 4–20 % polyacrylamide gels (Bio-Rad, California, USA). Proteins were visualized using Coomassie 

blue staining or by immunoblotting. For immunoblotting, the proteins were transferred onto nitrocellulose 

membranes (GE Healthcare, Illinois, USA) using a Trans Blot turbo apparatus (BioRad) using the manufacturer’s 

protocol. The membranes were blocked using 5 % (w/v) milk in 150 mM NaCl, 20 mM Tris, 0.1 % TWEEN 20, pH 7.6 

(TBST) for 30 min at RT with gentle rocking and washed with TBST. Membranes were incubated with the primary 

anti-C antibody (1:1000 dilution in TBST containing 5% milk) (Panayiotou et al, 2018). After incubation, the 

membranes were washed 3 times with TBST for five minutes with gentle rocking. The secondary antibody was 

diluted 1:10 000 in TBST, added on the membranes, and the membranes were incubated for 30 minutes at RT with 

gentle rocking. The secondary antibody used was IRDye 680 RD goat anti-rabbit IgG (Li-COR). After incubation, the 

membranes were washed with TBST and visualised using an Odyssey imager (Li-COR). 

 

Liposome sedimentation assay 

The protocol was adapted from Larsson et al, 2020. Liposomes of various lipid species (see table 1) were prepared 

by diluting total of 0.5 mg of lipids in a 10:3 mixture of chloroform and methanol in glass tubes. Lipid films were 

prepared by drying the lipids under a gentle nitrogen stream while rotating the glass tubes. The lipids were further 

dried under a gentle nitrogen stream for 30 min. The lipids were rehydrated to 1 mg/ml by adding 500 μl 150 mM 

NaCl, 50 mM Tris, pH 7.6 (TBS) and by incubating at RT for 30 min. The liposomes were sonicated with a bath 

sonicator for 20 s (Transsonic T310, Elma Schmidbauer, Singen, Germany) and either used immediately, or stored 

at +4 °C for up to two days. 

 

Fresh C protein aliquots were thawed on ice and centrifuged for 10 min at 20 000 × g at + 4 °C, and the 

supernatant moved to fresh tubes. The protein was incubated either with experimental liposomes or TBS for 5 min 
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at RT with a final protein concentration of 7 μM and a final lipid concentration of 500 μg/ml. The liposomes were 

pelleted by centrifuging for 20 min at 100 000 × g at RT. The supernatants were collected, and the pellets 

resuspended in 50 μl TBS. Both the supernatants and the pellets were analysed with SDS-PAGE as above, and the 

fraction of C protein co-sedimenting with the liposomes was quantified using Fiji (Schindelin et al, 2012). 

 

Table 1. Liposome compositions used for sedimentation assays 

Lipid species composition (%, w/w) 

DOPC/DOPE 60:40 

DOPC/DOPE 50:50 

BTLE 100 

DOPC/DOPE/POPS 45:45:10 

DOPC/DOPE/POPS 40:40:20 

DOPC/DOPE/POPS 35:35:30 

DOPC/DOPE/POPS 30:30:40 

DOPC/DOPE/Chol 40:40:20 

DOPC/DOPE/SM 40:40:20 

DOPC/DOPE/PI 40:40:20 

DOPC/DOPE/PI(4,5)P2 55:40:5 

DOPC/DOPE/GalCer 40:40:20 
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RNA synthesis and electrophoretic mobility shift assay 

Full-length TBEV genomic RNA was produced from an infectious clone based on the TBEV 93/783 sequence 

(GenBank: MT581212) using in vitro transcription. Linearized DNA containing the clone was transcribed using the 

mMESSAGE mMACHINE SP6 Transcription kit (Thermo Fisher) according to the manufacturer’s protocol. RNA was 

purified by LiCl precipitation according to the transcription kit protocol. RNA concentration was measured using a 

nanophotometer (DeNovix). 

Transcribed RNA (300 ng) was mixed with C protein at molar ratios ranging from 1:2 to 1:2496 in 150 mM NaCl, 50 

mM Tris, pH 7.5 prepared with RNAse-free reagents (RNA buffer) and incubated on ice for 20 min. The samples 

were mixed with loading dye (final composition: 60 % v/v formamide, 0.0133 % w/v bromophenol blue, 0.0053 % 

v/v xylene cyanol, 0.72 % w/v Tris, 0.37 % w/v boric acid, 6.6 mM EDTA) and analysed with electrophoresis on a 0.5 

% agarose gel containing SYBR Green I (Thermo Fisher) for 50 min at 70 V. 

SLBs and QCM-D 

The protocol was adapted from Liu et al, 2022. Liposomes containing either pure POPC, or a mixture of POPC and 

POPS (60:40 % w/w) were prepared as above in 20 mM citric acid, 50 mM KCl, 0.1 mM EDTA, pH 4.5 (CKB). The 

liposomes were homogenized by extruding 11 times through a 50 nm polycarbonate filter (Nuclepore Track-Etched 

Membranes, Whatman, Maidstone, UK) using a Mini Extruder instrument (Avanti Polar Lipids). QCM-D 

experiments were conducted with an X4 instrument equipped with a flow chamber (AWSensors, Valencia, Spain) 

using wrapped 14 mm 5 MHz, Cr/Au-SiO2 polished QCM-D sensors (AWSensors) at +23 °C. The sensors were 

incubated overnight in 2% SDS and cleaned with a UV-ozone cleaner (Bioforce Nanosciences, Iowa, USA) for 30 min 

before use. Frequency and dissipation were monitored for overtone 3, although they were measured for overtones 

1, 5, 7, 9, and 11 as well. The chambers were filled with CKB, and the SLBs were formed by injecting 150 μl of the 

liposomes at a concentration of 0.1 mg/ml. After the formation of the SLBs, TBS was injected until the system 

reached equilibrium. For the 100% POPC SLBs, 7.7 μg of C protein in 100 μl TBS (corresponding to a concentration 

of 7 μM) was injected. For the 60 % POPC/40 % POPS SLBs, full-length C or C18–93 was injected either as above or 

the SLBs were washed with 1000 mM NaCl, 50 mM Tris, pH 7.6 (HSQB) and C protein injected as above but in 

HSQB. After C protein injection, the chambers were washed with TBS until equilibrium. In the experiments where C 
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protein was injected in TBS, the protein-containing SLBs were washed with HSQB either immediately after reaching 

equilibrium, or after 2h incubation. Similarly, in C18–93 experiments, the protein-containing SLBs were washed with 

HSQB immediately after equilibrium was reached. After HSQ wash, the SLBs were washed with TBS until 

equilibrium. For the RNA experiments, the SLBs were washed with RNA buffer either without protein addition, or 

after an injection of C or C18–93 as above. 5 μg of in vitro transcribed TBEV genomic RNA in 100 μl RNA buffer was 

injected, followed with a wash with RNA buffer, and a wash with TBS until equilibrium. The equilibrium ΔF and ΔD 

values for each step were calculated as the average of a 30 s period starting 400 s after the start of the final TBS 

wash. 

 

Lipid monolayer experiments 

The protocol was adapted from (Liu et al, 2022). Lipid formulations of either pure POPC or a 60:40 % (w/w) mixture 

of POPC and POPS were prepared in chloroform (final lipid concentration 0.5 mg / ml). A Microtrough G1 system 

(Ø 53 mm x 4 mm, Kibron, Helsinki, Finland) was used for the experiments. The trough was covered to prevent 

evaporation, and the experiments were conducted at +21 °C. The subphase was formed of TBS and constantly 

stirred with a magnetic stirrer during the measurement. π was measured with a Wilhelmy paper plate presoaked in 

TBS and calibrated for each measurement. The monolayers were formed by adding the lipid solutions on to the 

subphase in a dropwise manner and letting the chloroform evaporate. Once the initial π0 value of the experiment 

was reached, the monolayer was left to equilibrate for 30 min. Then, C protein or C18–93 in TBS was injected with a 

syringe under the monolayer via an injection port to reach the final protein concentration of 30 nM in the 

subphase. The π value was monitored until it plateaued. The π0 values were calculated as an average of the 30 s 

preceding the injection, and the final π values were calculated as the average of the 30 s surrounding the highest 

value reached. The MIP-values were determined by plotting Δπ against π0 and extrapolating the Δπ/π0 plot to the x 

axis. 
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Cell Culture 

Human neuroblastoma SK-N-SH cells (gift from Prof. Olli Vapalahti, University of Helsinki) were maintained in low-

glucose Dulbecco′s Modified Eagle′s Medium (DMEM, Sigma) supplemented with 10 % foetal bovine serum (FBS, 

Gibco), 0.5 mg/ml penicillin, 500 U/ml streptomycin (Lonza Bioscience, Hayward, CA, USA), and 2 mM glutamine 

(Gibco, Waltham, MA, USA). The cells were maintained at +37 °C in a 5% CO2 atmosphere. 

Virus Propagation and Titration 

TBEV-Eu strain Kuutsalo-14 passage 1 (gift from Prof. Vapalahti) was used to infect confluent SK-N-SH cells using a 

multiplicity of infection of 0.003 (Kuivanen et al, 2018). The cells were washed twice with phosphate-buffered 

saline (PBS), virus was added in infection medium (low-glucose DMEM, 0.5 mg/ml penicillin, 500 U/ml 

streptomycin, 2 mM glutamine, 2% FBS, 35 nM rapamycin [Bílý et al, 2015]), and incubated at +37 °C in 5% CO2. At 

72 h post-infection, the supernatant was collected, and centrifuged for 10 min at +4 °C at 3800 × g. After 

centrifugation, the supernatant was collected and immediately purified (see below), or titered and stored at -80 

°C. 

For titration, virus samples were serially diluted 10 fold in infection medium. Confluent SK-N-SH cells in 6-well 

plates were washed twice with PBS, and 200 µl of the virus dilutions or infection medium was added on the cells. 

The cells were incubated at +37 °C for 1 h with gentle shaking every 5 min. After the incubation, 3 ml of minimum 

essential medium (MEM, Gibco) containing 0.5 mg/ml penicillin, 500 U/ml streptomycin, 2 mM glutamine, 2% FBS, 

and 1.2% Avicell was added to each well. The cells were incubated at +37 °C in a 5% CO2 atmosphere for 4 days, 

after which the medium was removed, the cells washed with PBS, and fixed with 10% formaldehyde for 30 min at 

room temperature. The plaques were visualised by incubating the fixed cells with 0.5% crystal violet for 10 min and 

washing with water. The viral titre was expressed as plaque-forming units per ml (pfu/ml). 

Virus Purification 

The virus was precipitated from the cell supernatant by adding 8 % (w/v) polyethylene glycol (PEG) 8000 (Sigma-

Aldrich), incubating at +4 °C with gentle mixing for 3 h, and pelleted at +4 °C, at 10,500× g for 50 min. The 
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supernatant was discarded, and the pellets were carefully washed with 20 mM HEPES, 150 mM NaCl, 1 mM EDTA, 

pH 8.5 (HNE) and resuspended by incubating in HNE overnight at +4 °C on an orbital shaker. 

The dissolved pellets were loaded onto linear 10–70 % sucrose gradients prepared in HNE. The samples were 

centrifuged at +4 °C at 44,500 × g for 17 h and the virus-containing light-scattering bands were collected. The 

samples were buffer exchanged to HNE using Slide-A-Lyzer dialysis cassettes (MWCO 10 kDa; ThermoFisher) at +4 

°C for 1h with gentle agitation and the HNE was replaced with fresh HNE, and the dialysis continued overnight. The 

titre was determined using plaque titration. 

Mass spectrometry analysis of TBEV lipids 

Purified virus (7×108 pfu) in HNE or just HNE was mixed with methanol and chloroform (1:3:1 ratio of 

sample:methanol:chloroform), and vortexed for 30 s. Insoluble components were precipitated by centrifuging for 

10 min at +4 °C at 20 000 × g and the supernatants were stored in glass vials with a nitrogen atmosphere in -80 °C. 

Lipidomic profiling by UHPLC-QTOF-MS was performed at the Swedish Metabolomics Center in Umeå, Sweden. 

Prior to analysis the samples were transferred to microvials, evaporated under a stream of nitrogen and 

redissolved in 60 µl (2:1 v/v chloroform:methanol) including internal standards (tripalmitin-1,1,1-13C3, 16:0-d31 

ceramide, 1,2-distearoyl-d70-sn-glycero-3-phosphocholine and 1,3-dioctadecanoyl-2-hydroxy-sn-glycerol-d5). The 

LC-MS analysis of the lipid extracts were performed on an Agilent 1290 Infinity UHPLC-system coupled to an 

Agilent 6546 Q-TOF mass spectrometer (Agilent Technologies, Waldbronn, Germany) as previously described (Diab 

et al, 2019). 

The data were processed using Batch Targeted Feature Extraction algorithm within MassHunter™ ProFinder 

version B.10.02 (Agilent Technologies Inc., Santa Clara, CA, USA). An in-house database with exact mass and 

experimental retention times of lipids was used for identification. 

Statistical procedures 

Statistical significance of the results were assessed either using one sample T-test (assessment of remaining F 

signal in 1M NaCl wash QCM-D experiments) or Welch’s T-test (all other experiments) performed in R 4.2.1. 
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Supplementary figures 

Figure S1. Homology model of the TBEV C protein. 

A Ribbon representation of the C homology model dimer from two angles. The chains are coloured turquoise and 

purple, and the α1–α4 helices and termini are labelled for one monomer. The residues truncated from the C18–93 

construct are highlighted in magenta in the other monomer. 

B Surface representation of the C homology model dimer from the same angles as in A and B. The surfaces are 

coloured according to electrostatic potential according to the key (kcal / [mol × e] at 298 K). 
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The figure was created with the homology model from Barrass et al. (2021) and the electrostatic potential of the 

surfaces were calculated in ChimeraX (Goddard et al, 2018) 

 

Figure S2 Biochemical characterisation of purified C protein 

A SDS-PAGE analysis of the purified C protein.  

B Anti-C immunoblot analysis of the purified C protein.  

C SDS-PAGE analysis of the purified C18–93 protein.  

A-C M lanes show the molecular size marker and S lanes the protein preparations. The sizes of the molecular size 

marker bands and the C, and C18–93 protein band positions are indicated.  
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Figure S3 Representative QCM-D curves of the C and C18–93 proteins binding to SLBs. 

A Representative QCM-D curves from a C protein binding experiment on POPC SLBs.  
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B Representative QCM-D curves from a C protein binding in 1M NaCl experiment on POPC/POPS SLBs.  

C Representative QCM-D curves from a C protein binding with a 1M NaCl wash after 2h incubation experiment on 

POPC/POPS SLBs 

D Representative QCM-D curves from a C18–93 protein binding experiment on POPC/POPS SLBs. 

Data information: In each panel, the ΔF and ΔD have been zeroed to equilibrium values after SLB formation. 

Figure S4. Δπ curves for C and C18–93 proteins injected at different Δ0 values shown for the same timescale as in 

figure 3 

A Δπ curves for C protein injected with POPC monolayers. 

B Δπ curves for C protein injected with POPC/POPS monolayers. 

C Δπ curves for C18–93 protein injected with POPC/POPS monolayers. 

Data information: The π is zeroed to the preinjection pressure. The π0 values for each curve are indicated. 
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Figure S5 Representative QCM-D curves of RNA binding to SLBs. 

A Representative QCM-D curves from an RNA binding without protein pretreatment experiment on POPC/POPS 

SLBs.  

B Representative QCM-D curves from an RNA binding with pretreatment with C18–93 experiment on POPC/POPS 

SLBs. 

Data information: In each panel, the ΔF and ΔD have been zeroed to equilibrium values after SLB formation. 

 

Supplementary file S1. Integrated peak areas of the lipids analysed via UHPLC-QTOF-MS 
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